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I.  INTRODUCTION 


Molecular  nitrogen  is  undoubtedly  among  the  most  thoroughly  studied  of 
all  gas  phase  species.  The  ground  state  of  the  molecule,  bound  by  228  kcal 
mol is  virtually  inert,  and  recent  interest  has  centered  on  a  number  of 
metastable  excited  electronic  states  which  exhibit  a  rich  chemical 
behavior.  -~In  particular,  the  A3  Z  Q+  state,  lying  143  kcal  mole"1  above  the 
ground  state.  Has  been  studied  extensively  in  low  density  discharge  flow 
experiments  (Ref\l)  and  in  pulsed  experiments  based  on  the  photolysis  of 
azides.  (Ref. 2, 3)  These  studies  have  shown  that  ^(A)  metastables  can 
efficiently  transfer  their  energy  to  a  number  of  atcms  and  molecules,  often 
resulting  in  electronic  excitation  of  the  energy  acceptors.  In  the 
majority  of  such  systems,  the  energy  transfer  process  would  appear  to  be 
dominated  by  short  range  interroolecular  forces,  with  Franck-Condon  factors 
in  both  the  and  the  energy  acceptor  being  important.  (Ref.4j 
Conservation  of  spin  angular  momentum  may  also  affect  the  energy  transfer 
rate  and  the  population  distribution  among  states  of  the  energy  acceptor. 
(Refs. 1,5)  r=Tk<)  <^— 

Based  on  this  evidence,  metastable  N2  A(3  zu+)  appears  to  hold  promise 
as  an  energy  carrier  in  potential  short  wavelength  continuous  wave  chemical 
laser  systems.  The  large  amount  of  energy  borne  by  individual  n2(a) 
molecules  can  produce  electronically  excited  energy  acceptors  which 
radiate  in  the  visible  or  ultraviolet  (UVj  regions  of  the  spectrum.  The 
radiative  lifetime  of  the  N2(A)  state  is  nearly  2  s  (Ref.l)  such  that 
radiative  losses  would  be  negligible.  Further,  reactive  quenching  is 
hindered  by  the  strong  N-N  bond  in  the  excited  molecule  (85  kcal  mole"1). 
The  Franck-Condon  and  angular  momentum  effects  are  also  attractive  features 
which  can  lead  to  state  selectivity  in  the  energy  transfer  process. 
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This  picture  is  complicated  considerably,  however,  by  collision 
processes  among  the  excited  N2(A)  molecules.  These  processes  can  lead  to 
population  of  a  number  of  other  high  lying  excited  electronic  states. 
Figure  1  shows  approximate  potential  energy  curves  (Ref.6)  for  the  states 
thought  to  be  important  in  this  regard.  At  high  densities  of  n2  (A) 
metastables,  a  primary  decay  route  will  be  near-resonant  energy  pooling 
producing  theC(3nu),  C'{3nu),  B(3IIg),  and  HIR  states: 


n2  C(3  nu)  +  n2  x(1ig+) 

(la) 

n2  c'  (3nu)  +  n2  x(x  ig+) 

(lb) 

n2  b(3  rig,  v)  +  n2  x(1zg+) 

(lc) 

N2(HIR)  +  n2  X(X  Eg+) 

(Id) 

where  HIR  is  the  state  responsible  for  the  Herman  infrared  (I R)  bands  in 
N2.  The  best  known  of  these  processes  is  la,  for  which  the  rate  constant 
(Ref.l)  is  -2  x  10~101  cm3s-1.  Production  of  the  C  state  by  la  is  followed 
by  rapid  C3  IT  u  ■*  B3  Hg  (second  positive)  emission  at  a  rate 
2.5  X  10^  s“^  (t  *  40  us).  The  B3  Hg  molecules  thus  formed  can 
radiatively  decay  back  to  the  A3  Z  u+  state  with  a  collision-free 
lifetime  of  about  6  us,  or  be  collisionally  quenched.  Formation  of  the 
C'3  H  state  (process  lb)  is  a  minor  route  with  a  rate  constant  about  6 
percent  of  that  for  la.  Production  of  the  B3  Hg  state  by  process  lc  was 
first  suggested  in  Reference  7,  where  a  rate  constant  for  this  reaction  was 
reported  to  be  >4  times  that  for  la,  such  that  the  overall  energy  pooling 
rate  constant  would  be  on  the  order  of  10”^  cm3  s“*.  Energy  resonance 
would  suggest  that  this  process  must  populate  high  vibrational  levels  (on 
the  order  of  v=10)  of  the  B3  II  state.  Evidence  to  this  effect  was 
obtained  in  recent  studies  of  the  UV  photolysis  of  ClNg,  a  case  where 
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1.  Potential  energy  curves  of  selected  states  of  N 


3. 


energy  pooling  among  N2(A)  molecules  produces  intense  N2  O  B  emission.  In 
this  case,  lower  levels  of  the  B  state  do  not  appear  to  be  generated  by  the 
pooling  process.  In  Reference  8  it  was  found  that  higher  vibrational 
levels  of  the  B  state  (v*  =  8-12)  are  in  fact  populated  in  some  Pleasure  by 
pooling.  Similarly,  recent  work  shown  in  Reference  9  has  indicated  some 
production  of  the  B  state  by  the  pooling  process,  but  suggests  that  this 
route  is  much  less  significant  than  originally  reported  in  Reference  7.  In 
any  case,  it  is  clear  that  the  overall  rate  constant  for  the  pooling 
process  must  be  in  the  range  2  X  10“*-®  <  k  <  10“^  an3s~l.  This  rate 
constant  may  have  a  significant  negative  temperature  dependence,  as 
suggested  by  data  for  process  la.  (Ref.  1) 

The  collision-free  radiative  lifetime  of  the  B3ng  state,  about  6  us, 
can  be  extended  considerably  by  interaction  with  the  nearby  w3A  u  state 
(Ref.  10)  This  interaction  occurs  for  even  minute  densities  of  diluent 
gases  or  ground  state  N2,  leading  to  the  formation  of  a  reservoir  whose 
radiative  lifetime  varies  between  20  and  90  us. 

From  these  considerations,  it  is  apparent  that  direct  chemical 
production  of  the  N2  A,B,C,C’,  or  W  states  will  lead  rapidly  to  the 
formation  of  an  energy  pool  consisting  of  some  mixture  of  the  A3EU+, 
B3  Ilg,  and  W3  Ay  metastable  states.  If,  for  example,  an  N2(A)  density  of 
1015cm~3  were  produced  instantaneously,  the  A-B-W  pool  would  set  up  in 
about  10  us,  given  the  rate  constants  discussed.  Such  a  pool  would 
continuously  lose  energy  via  C  -*•  B  radiation  on  each  cycle  and  by 
collisional  quenching  of  the  A-B-W  reservoir.  The  primary  consideration  in 
evaluating  any  method  for  the  production  of  excited  n2  should  therefore  be 
how  well  it  competes  with  energy  loss  from  the  N2  (ABW)  pool.  Since  the 
rate  of  energy  loss  is  roughly  one-half  the  energy  pooling  rate,  the 
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kinetics  of  the  formation  process  must  be  very  fast.  Also,  since  the 
lifetime  of  the  energy  pool  will  be  quite  short  at  the  high  densities 
required  for  a  laser  device,  the  energy  acceptor  will,  in  all  likelihood, 
have  to  be  present  during  the  formation  of  the  excited  N2  metastables. 
Hence,  the  chemistry  of  the  formation  process  must  be  compatible  with 
potential  energy  acceptors,  as  well  as  not  adding  further  quenchers  of 
N2 (A) . 

This  program  has  investigated  two  kinds  of  chemical  systems  as  sources 
of  N2(A)  metastables  scalable  to  the  high  densities  required  for  a  laser 
device.  These  systems  are: 

•  The  reaction  of  ground  state  nitrogen  atoms  with  excited 
singlet  NX(X  =  halogen). 

*  The  reactions  of  ground  state  nitrogen  atoms  with  molecular 
azides  and  azide  radicals. 

Both  of  these  systems  have  previously  been  shown  to  generate  triplet 
N2  metastables.  It  is  known,  for  example,  that  the  reaction  of  ground 
state  nitrogen  atoms  with  nitrogen  halide  diatomic  molecules  produces  N2(a) 
metastables.  In  the  late  1960s,  (Refs.  11  and  12)  flames  produced  by  the 
addition  of  molecular  halogens  to  active  nitrogen  (i.e.,  discharged  n2 
containing  N  atoms  as  the  primary  reactive  agent)  were  studied.  For  the  l2 
case  (Ref.  11),  N2  (A)  was  directly  observed  by  absorption  on  the 
A(3Su+)  -  B(3Hg)  bands  in  the  visible  and  near  IR.  Up  to  10  percent 
absorption  of  the  0,0  and  1,0  bands  was  found  for  an  80  cm  pathlength, 
corresponding  to  an  N2(A)  density  on  the  order  of  10^  to  10^an“-*  (orders 
of  magnitude  greater  than  that  produced  by  recombination  of  the  nitrogen 
atoms).  The  mechanism  proposed  by  the  authors  was  as  follows: 
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N  +  I  -*•  NI  +  I 


(2) 


N  +  NI  -  N2*(A,X)  +1  (3) 

Correlation  arguments  would  suggest  that  reaction  (3)  would  produce  N7  in 
states  correlating  to  two  N{43)  atoms,  i.e.,  the  a3£u+  or  X1  Zg+  states. 
In  fact,  the  yield  of  N2(A)  was  inferred  to  be  rather  small  (perhaps  a  few 
percent),  as  expected  from  the  availability  of  both  product  channels.  From 
the  iodine  atom  chemiluminescence  found  in  the  flame  (Ref. 12),  it  was 
inferred  that  the  N2  W3A  state  (or  a  state  of  equal  energy)  was  present. 
This  result  suggests  the  operation  of  the  N2(A,B,W)  energy  pool,  even  at 
the  low  densities  of  this  experiment.  For  the  reaction  of  N  atoms  with  NCI 
or  NBr,  emission  from  Cl  or  Br  atoms  was  not  observed,  suggesting  that  n2 
states  well  above  8  eV  (the  energy  of  the  B  and  w  states)  were  not  present. 

To  generate  high  yields  of  N2  metastables,  correlation  argunents  would 
suggest  that  N(4S)  atoms  must  react  with  states  of  NX  correlating  to  Nt^) 
atoms,  such  as  the  a1  A  or  b^-I  +  states.  These  reactions  should  produce 
molecular  nitrogen  in  the  B  or  W  states.  Evidence  to  this  effect  was  found 
in  Reference  13  and  in  studies  of  the  reaction  of  N(4S)  atoms  with  gas 
ohase  02F  radicals.  The  N  +  02F  reaction  liberates  about  60  kcal  mole-1, 
sufficient  to  populate  the  a1  a  and  b1!  +  states  of  NF.  Although  weak  NF 
b1  £  +  -*-X3  £  “  emission  was  found  in  the  chemiluminescence  from  this  system, 
the  spectrum  was  dominated  by  intense  N2  first  positive  (B-*-  A)  bands.  This 
emission  was  more  than  50  times  more  intense  than  the  normal  yellow 
afterglow  produced  by  recombination  of  the  N  atoms,  although  the  density  of 
02F  generated  was  small.  The  vibrational  distribution  in  the  B3  IT  state 
indicated  the  large  majority  of  the  population  to  be  present  in  two  zones, 
peaked  below  v'  =  3  and  v'  =  7,  corresponding  to  the  energy  limits  for 
reactions  of  N(4S)  atoms  with  NF(a1A  )  and  NF(b1£+),  respectively: 
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N(4S) 

+  NF(a1A  )  -  N2  +  F 

E  =  -183  kcal  mole--1- 
(N2(3)  ,  V  =  3) 

(4) 

N(4S) 

+  NF(b1 Z  +)  -  N2  +  F 

E  -  -204  kcal  mole*^ 
(N2(B),  V  =  7) 

(5) 

The  ceaction  of  N  atcms  with  ground  state  NF  releases  energy  sufficient  to 
produce  only  N2(X^Zg+)  or  N2(A3£  u+) ,  in  accord  with  the  earlier  work 
given  in  References  11  and  12. 

Reactions  of  ground  state  nitrogen  atoms  with  molecular  azides  were 
first  reported  in  Reference  14.  It  was  found  that  the  reaction  of  N(4S) 
atoms  with  ClN-j  produced  intense  N2  first  positive  emission,  and  the 
following  mechanism  was  postulated  to  account  for  this  result: 

N(4S)  +  C1N3  -*■  NCI  +  N3  (6) 

n(4s)  +  n3(2  ng)  -  N2(B3n  g)  +  n2(xx  zg+)  (7) 

Similar  results  were  reported  later  in  Ref.  15.  A  steady-state  treatment 
was  used  to  extract  a  rate  constant  for  reaction  7, 
k  =  1.6  -  1.1  X  10-1-1cm3s-1.  Although  this  reaction  has  an  exothermicity 
of  about  215  kcal  mole~^,  the  B(3  II g)  state  is  populated  only  up  to  v  =  8 
The  angular  momentum  constraints  on  this  reaction  should  be  strong,  in  view 
of  the  weak  spin-orbit  coupling  in  both  N  and  N3.  From  spin  conservation, 
the  reaction  of  a  quartet  atom  with  a  doublet  N3  molecule  should  produce 
one  ground  state  (singlet)  N2  molecule  and  an  excited  N2  in  either  triplet 
or  quintet  states.  A  number  of  such  states  exist  at  energies  accessible  to 
the  reaction  (Fig.  1).  If  only  spin  conservation  were  important,  one 
would  expect  preferential  population  of  the  lowest  energy  triplet, 
N2(A3  £u+).  Additional  constraints  are  placed  on  the  reaction  by  orbital 
angular  momentum  correlations.  Considering  the  system  in  a  simple  way,  we 
expect  N3  to  behave  chemically  like  an  N(2D)  atom  weakly  bound  to  ground 
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Ftate  N->  (X^E-,+) ,  such  that  the  reaction  with  ground  state  N  atoms  should 
y 

produce  excited  states  of  N2  correlating  to  N(2D)  +  N(4S),  i.e.,  the  B^Hg 
or  W3  au  states  (Fig.  1).  These  ideas  can  be  expressed  by  consideration  of 
possible  orbital  correlations  in  the  manner  originally  described  in 
Reference  16.  Figure  2  shows  a  partial  correlation  diagram  for  the  N+N3 
system,  assuming  that  the  intermediate  configuration  is  of  Cg  symmetry 
(as  are  the  molecular  azides  RN3),  and  the  spin-orbit  coupling  is  small. 
As  shown  in  the  figure,  the  reactants  N(4S)  +  N  3 ( 2n  g )  correlate 
adiabatical  ly  only  to  products  ^(B3!!  g)  +  ^(X^-FI  g+)  or  N2(W3AU)  + 
^  a  Potential  energy  surface  of  species  3A'  +  3A".  The  ground 
state  products  N2(X)  +  ^(X)  correlate  via  a  *A'  surface  to  n(4S)  + 
N3(4£“).  This  excited  state  of  N3  is  repulsive  and  dissociates  to  N(4S)  + 
N2(X).  These  same  reagents  [N(4S)  +  N3  (4£  “)  ]  correlate  via  a  3A'  surface 
to  N2(A3£  u+)  +  N2(X),  and  via  a  5A*  surface  to  the  proposed  5£g+  state  of 
N2  and  N2(X).  The  surface  of  species  3A"  arising  from  N(4S)  +  N3(2£  u+)  is 
likely  to  correlate  to  N2(B'3  £u+)  +  N2(X1Z  g+).  The  \  u+  state  of  N3  (the 
upper  state  of  the  well-known  transition  (Ref. 17)  near  270  nm)  and  N2(B') 
are  both  thought  to  dissociate  to  N(2P).  Several  singlet  and  triplet 
surfaces  of  species  A*  +  A"  arise  from  the  reagents  N(2D)  +  N3(2Hg). 
These  surfaces  may  lead  to  a  number  of  excited  N2  products,  including 
a  3  IT  g,  a,:Li;u“,  Wla  u,  u,  H3$  u,  and  b^Z^,  all  of  which  are 
thought  to  dissociate  to  N(2D)  +  N(2D).  Hence,  it  is  apparent  that  the 
reaction  of  N3(2  n  g)  radicals  with  ground  state  N  atoms  should  be 
constrained  to  produce  only  the  B3n  g  or  W3  A  u  states  of  the  excited  N2 
product,  whereas  a  much  broader  array  of  excited  states  may  be  produced  by 
reaction  with  N(2D)  atoms.  In  a  sense,  the  constraints  on  the  N(4S)  + 
N3(2n  g)  reaction  arise  from  the  large  amount  of  spin  angular  momentisn  and 


the  small  amount  of  orbital  angular  momentum  in  these  reagents,  coupled 
with  the  fact  that  one  of  the  product  fragments  (N2(X1Zg+))  has  no  orbital 
or  spin  angular  momentum.  Hence,  the  high  spin,  low  orbital  angular 
momentum  of  the  reagents  must  be  consolidated  in  one  of  the  product  N2 
molecules,  a  situation  which  strongly  drives  the  reaction  to  produce 
specific  excited  states. 

The  specific  objective  of  this  program  was  the  evaluation  of  the 
N(4S)  +  NF(a^  A  ) ,  N(4S)  +  XN-j  (X=halogen),  and  N(4S)  +  N-j  reactions  as 
chemical  sources  of  triplet  N2  metastables  useful  for  potential  laser 
systems.  Rate  constants  of  elementary  processes  and  yields  of  excited 
states  were  determined  as  appropriate.  From  these  measurements,  an  optimum 
system  (the  N(4S)  +  N3  reaction)  was  chosen,  and  its  compatibility  with  the 
N2 (A) —IF  energy  transfer  system  (a  potential  IF  laser)  tested.  These 
results  are  detailed  in  the  following  sections. 


II.  The  N(*S)  +  NPta1^  )  Reaction 

It  can  be  argued  that  the  reaction  of  ground  state  nitrogen  atoms  with 
NFfa3-  a)  should  be  strongly  constrained  to  produce  states  of  N2  correlating 
to  N(2D)  +  N(4S);  i.e.,  the  B3  ng  and  W3A  Q  states.  The  reaction  has  an 
exothermicity  sufficient  to  produce  N2(B)  only  in  vibrational  levels  below 
v  =  4.  Hence,  it  is  only  slightly  exothermic  for  the  reaction  channel  it 
may  be  constrained  to  follow  (AH-  -19  kcal  mole”3-  to  v  *  0  of  the  B 
state)  and  may  well  have  a  substantial  barrier  resulting  in  a  small  rate 
constant.  The  present  experiments  were  directed  toward  measurement  of  the 
rate  constant  of  this  elementary  reaction  and  the  distribution  of  product 
states. 

The  experiments  were  performed  with  two  different  discharge- flow 
systems  which  were  typical  of  those  used  throughout  this  work.  These 
systems  are  shown  in  Figures  3  and  4.  Figure  3  shows  a  2.54  cm.  Pyrex 
flow  reactor,  with  two  sidearms  equipped  with  2450  MHz  microwave 
discharges.  The  reactor  has  a  concentric  sliding  inlet  to  provide  time 
resolution.  For  this  chemical  system,  NFfa^A  )  molecules  were  produced  by 
the  reactions 

F  +  HN3  -  HF  +  N3  (8) 

F  +  N3  -  NF(aXA  )  +  N2  (9) 

Reaction  8  is  very  rapid  (k  *  1.6  ±  0.4  X  10”10)  and  reaction  9  has 
_  moderate  velocity  with  k  “  2  X  10“1-2cm3s”3-.  Hence,  NFfa^A  ),  produced  in 
high  yield  (Ref. 18)  from  reaction  9,  can  be  generated  by  admission  of  a 
flow  of  HN3  to  a  large  excess  flow  of  fluorine  atoms.  In  the  apparatus 
shown  in  Figure  3,  F  atoms  were  created  by  a  discharge  through  either  CF^ 

or  F2,  diluted  heavily  in  Ar  or  He.  The  HN3  was  adnitted  to  the  gas  stream 
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General  discharge-flow  apparatus  with  Pyrex  flow  tube 


igure  4.  Teflon  discharge-flow  apparatus. 


through  the  sliding  injector.  The  azide  was  prepared  by  the  standard 
reaction  between  stearic  acid  and  NaN-j  at  temperatures  near  100°C,  and 
stored  in  3 1  Pyrex  bulbs  as  2  to  10  percent  mixtures  in  helium.  Nitrogen 
atoms  were  prepared  by  passage  of  ^/Ar  mixtures  through  the  second 
discharge  sidearm.  The  system  was  pumped  by  a  650  1pm  mechanical  pump, 
such  that  a  linear  velocity  near  1800  cm  s-^  was  produced  at  a  total 
pressure  near  1.0  Torr.  These  conditions,  typical  of  the  experiments,  are 
such  that  the  plug  flow  assumption  should  hold.  The  flow  rates  of  the 
reagent  gases  were  measured  with  mass  flowmeters  (Tylan  FM360).  Flow  rates 
of  the  fluorine  and  nitrogen  atoms  produced  by  the  discharges  were 
determined  by  chemiluminescent  titrations  with  CI2  and  NO,  respectively. 
(Refs. 19  and  20)  Emissions  from  the  flame  of  reactions  8  and  9  were 
dispersed  by  a  0.25  m  Jarrel  1-Ash  monochromator  and  detected  by  a  cooled 
GaAs  photomultiplier  tube  (RCA  C31034). 

The  second  flow  reactor  used  was  made  entirely  from  Teflon  and  is 
shown  in  Figure  4.  The  flow  reactor  was  a  Teflon  pipe  with  an  internal 
diameter  of  3.5  cm,  with  one  sidearm  equipped  with  a  2450  MHz  microwave 
discharge.  Two  movable  injectors  made  from  0.6  cm  of  Teflon  tubing  were 
used  to  admit  reagents  to  the  flow  reactor  at  variable  distances  from  a 
fixed  observation  port.  One  of  these  movable  injectors  was  used  to  admit 
gases  which  had  passed  through  a  second  microwave  discharge.  The  linear 
velocity  in  this  reactor  at  1.0  Torr  was  near  930  cm  s"*-.  The  gas  handling 
and  optical  detection  system  used  in  this  system  were  similar  to  that 
described  previously. 

The  first  experiments  on  the  N  +  NF(a1A  )  system  were  run  with  the 
Pyrex  flow  tube  shown  in  Figure  3.  Excited  NF(a^A  )  was  produced  by 
admission  of  HN3  to  excess  fluorine  atoms.  Green  NF  b^-  E  +  -*  X^Z  “  amission 


peaked  near  529  rm  was  readily  visible  to  the  eye.  It  has  been  shown  previously 
that  this  emission  is  produced  from  the  rapid  energy  transfer  process: 

NF(a1A  )  +  HF (v)  -  NF(bXZ  +)  +  HF(v-2),  (10) 

where  the  vibrational  ly  excited  HF  is  produced  in  the  initial  F  +  HN3 
reaction.  However,  the  NF  axA  -*■  X-*  l  emission  was  weak.  A  low 

resolution  spectrum  of  this  emission  is  shown  in  Figure  5.  The  time 
profile  of  the  emission  exhibited  a  rapid  rise  followed  by  a  decay  over 
only  a  few  miliseconds.  In  fact,  the  decay  of  the  emission  corresponded  to 
the  rate  of  the  limiting  formation  steps  (F  +  N3),  and  the  unresolved  rise 
corresponded  to  the  rate  of  NF(ax  A  )  quenching.  These  results  are  contrary 
to  those  from  previous  experiments  in  which  the  F  +  HN3  system  was  studied 
in  a  Teflon  flow  reactor,  and  suggest  the  possibility  of  wall  removal  of 
the  NF(aXA)  or  N3  intermediate  in  the  Pyrex  tube.  This  possibility  is 
particularly  plausible  in  light  of  likely  reaction  between  the  F  atom 
stream  and  the  Pyrex  wall.  To  test  this  possibility,  the  Teflon  flow 
reactor  was  assembled. 

Experiments  with  the  Teflon  system  yielded  results  quite  different 
from  those  obtained  with  the  Pyrex  reactor.  The  NF(a  ■+  X)  intensity  was 
considerably  greater,  and  exhibited  a  long  decay  (>  15  ms)  down  the  length 
of  the  reactor.  The  NF  a  +  X  and  b  -*■  X  features  dominated  the  spectrun  of 
the  emission,  as  expected.  These  results  suggest  that  the  walls  of  the 
Pyrex  tube  were  indeed  a  factor.  Much  greater  flows  of  fluorine  atoms 
could  be  used  in  the  Teflon  reactor,  such  that  short  (<  6  ms)  F  +  N3 
reaction  times  could  be  achieved.  To  observe  the  N  +  NF(aXA)  reaction, 
the  N  atom  inlet  (one  of  the  6  mm  Teflon  injectors)  was  positicued  8  cm 
downstream  of  the  HN3  inlet  (the  other  injector),  such  that  the  NF(ax A  ) 
formation  process  was  essentially  over  by  the  time  the  N  atoms  entered  the 
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Low  resolution  spectrum  of  NF  a  -->  X  emission  from  the  reaction 
of  HN^  with  excess  F  atoms. 
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stream.  Qualitatively,  admission  of  N  atoms  at  densities  near  10-L->cnr-‘  had 
little  or  no  effect  on  the  NF(a^A  )  emission  intensity  or  its  time  profile. 
No  visible  or  UV  emission  from  excited  states  of  N2  was  produced. 
Figure  6  shows  a  portion  of  the  data  for  the  time  decay  of  NF(a^A  )  in  the 
presence  of  various  densities  of  N  atoms.  Clearly,  there  is  little  effect 
on  the  rate  of  NF(a*A  )  removal.  Figure  7  shows  the  results  of  a  number 
of  such  experiments  as  a  plot  of  the  first  order  rate  (s“^)  of  the  decay  of 
the  NF  a  +  X  intensify  (measured  at  874  ran)  for  various  densities  of  added 
N  atoms.  In  each  case,  the  N  atom  density  was  determined  by  titration  with 
NO,  and  the  F  atom  density  was  held  constant  near  6  X  10-^cm--*.  It  is 
apparent  that  there  is  no  real  evidence  of  reaction  (or  quenching)  within 
the  uncertainty  of  the  measurements.  From  the  uncertainty  in  the  slope  of 
the  plot  (from  a  least  squares  analysis),  the  rate  constant  for  the  N(*S)  + 
NF(a1A  )  reaction  can  be  no  greater  than  10T13  cm3s-^. 

In  view  of  the  huge  exothermicity  of  the  N  +  NF(a1/J  )  reaction  with 
respect  to  production  of  ground  state  products  (N2(XiE  g+)  +  F(2Pj))  these 
results  would  seem  to  indicate  that  the  reaction  is  indeed  strongly 
constrained  to  produce  excited  triplet  states  of  N2,  in  particular 
N2(B3Ug,  w3  au).  The  small  rate  constant  may  well  result  from  the 
presence  of  a  barrier  in  the  reaction  channel  to  these  allowed  products. 
As  noted,  this  is  not  unusual,  given  that  90  percent  of  the  energy 
released  by  the  reaction  is  required  for  the  generation  of  N2(B,  v  =  0). 
If  the  reaction  dynamics  are  such  that  some  of  the  energy  release  is 
channeled  preferentially  into  N2  rotation  or  vibration  or  relative 
translation,  then  such  a  barrier  will  be  present.  We  note  also  that  the 
reaction  rate  may  show  a  substantial  temperature  dependence,  increasing 
with  increasing  temperature. 
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III.  The  N(’SU)  +  Hj^IIg)  Reaction 

The  N  +  N3  reaction  is  expected  to  be  constrained  to  produce  excited 
electronic  states  of  N2  by  the  operation  of  both  spin  and  orbital  angular 
momentum  conservation  rules.  These  expectations  were  tested  in  a  series  of 
discharge-flow  experiments.  The  experiments  were  based  on  the  production  of 
N3  radicals  by  F  +  HN3  as  in  reaction  8.  The  method  was  similar  to  that 
described  in  Section  II,  except  that  the  flow  of  fluorine  atoms  was  reduced 
so  as  to  allow  N3  radicals  to  react  with  added  N  atoms,  rather  than  using  a 
large  excess  flow  of  F  atoms  to  ensure  production  of  NF (a^- a  )  by 
reaction  9.  In  the  initial  experiments,  F  and  N  atoms  were  produced  in 
separate  discharges  and  allowed  to  mix  upstream  of  the  HN3  inlet.  Hence, 
N3  is  produced  rapidly  by  reaction  8  and  then  removed  by  N  atoms  rather 
than  by  F  atoms. 


1.  Spectroscopy  of  the  F/N/HN3  Flame 

For  these  experiments,  the  initial  densities  of  N  and  F  atoms  were 
both  near  1013aiT3,  determined  by  titrations  with  NO  and  Cl2,  respectively. 
(Refs.  19  and  20)  The  HN3  was  admitted  through  the  sliding  injector  at  an 
initial  density  near  10^cm-3.  The  diluent  in  the  system  (admitted  through 
the  nitrogen  and  fluorine  discharges)  was  Argon,  to  produce  a  total 
pressure  near  1.0  Torr.  When  the  HN3  was  admitted  to  a  flow  of  F  atoms 
only,  the  familiar  green  NF  b  X  flame  characteristic  of  reactions  8,  9, 
and  10  was  observed.  Admission  of  the  N  atom  flow  to  this  system  produced 
an  intense  orange  flame,  extending  for  a  few  miliseconds  beyond  the  mixing 
zone.  The  spectrum  of  this  visible  emission  is  shown  in  Figure  8.  All  of 
the  features  evident  in  the  spectrum  are  attributable  to  a3  £  u+ 
transitions  in  N-?.  Features  corresponding  to  the  b  +  X.  and  a-*-X  transitions 
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Figure  8.  Uncorrected  spectrum  of  first  positive  emission  produced  by  the 
reaction. 


in  NF  (529  and  874  nm,  respectively)  are  absent,  suggesting  that 
reactions  9  and  10  do  not  occur  in  the  presence  of  N  atoms. 

The  steady-state  vibrational  distribution  among  the  ^(B^Tg) 
molecules  in  the  flame  can  be  calculated  from  data  such  as  that  shown  in 
Figure  (8)  and  the  known  radiative  lifetimes  (Ref.21)  for  the  bands  of  the 
3-<A  transition.  The  results  of  this  treatment  are  shown  in  Figure  (9). 
The  data  indicate  a  substantially  relaxed  vibrational  distribution  heavily 
favoring  the  lower  levels.  Some  population  of  levels  up  to  v  =  12  (near 
the  dissociation  limit  of  the  N2  ground  state)  is  observed,  although  a  knee 
in  the  distribution  near  v  =  8  suggests  that  these  higher  levels  may  not  be 
directly  populated  by  the  reaction.  Indeed,  the  thermodynamic  limit  for 
the  N  +  N3  reaction  (AH  3  -215  kcal  mole-*)  is  such  that  only  levels  up  to 
v  =  3  may  be  populated  directly.  It  seems  likely  that  the  levels  above 
v  =  8  arise  from  scrambling  of  the  nascent  population  distribution  in 
collisions  with  the  N2  and  Ar  present  (densities  2  X  1015  and 
2  X  10^  cm-3,  respectively).  Such  processes,  involving  collision-induced 
coupling  with  near-resonant  levels  of  the  W3  au  state,10  are  known  to  be 
rapid.  The  strongly  relaxed  character  of  the  distribution  as  a  whole  is  a 
further  indication  of  the  occurrence  of  such  processes.  The  relative 
populations  of  v  =  0  and  v  =  1  were  estimated  by  extrapolation  of  an 
exponential  fit  (Tv^  =  14060K)  to  the  data  for  levels  v  =  2  through  v  =  8 
(Fig.  9). 

A  plot  of  the  relative  intensity  of  the  B  •+  A  emission,  monitored  at 
the  6,3  band  near  661  nm,  versus  the  limiting  flow  of  HN3  is  shown  in 
Figure  10.  The  linear  varriation  of  the  intensity  with  HN3  indicates  that 
the  B3  rig  population  arises  directly  from  the  N  +  N3  reaction,  rather  than 
from  second  order  processes  such  as  energy  pooling  among  other  excited 
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Figure  9.  Steady-state  vibrational  distribution  in  N2(B)  produced 
by  the  N  +  N.  reaction,  where  f(v)  is  the  fractional 
population  of  level  v.  The  broken  line  is  an  equilibrium 
thermal  distribution  corresponding  to  T  =  14,060  K. 
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states  of  N2.  It  has  been  suggested,  (Ref. 7)  for  example,  that  N2(B)  is 
produced  by  energy  pooling  among  n2(A)  metastables. 

A  portion  of  the  spectrum  of  the  flame  in  the  UV  region  is  shown  in 
Figure  11.  Features  corresponding  to  the  A^  E  +  H  transition 

(ybands)  in  NO,  the  C3n  u  -<•  b3  Ilg  (second  positive)  transition  in  N2,  and 
the  A3n-*X3I“  transition  in  NH  were  readily  evident.  Much  weaker  features 
attributable  to  A3  I  u+  -*■  x1  Zg+  (Vegard- Kaplan)  bands  in  n2  were  observed 
in  the  wings  of  some  of  the  NO  bands.  The  excited  NO  arises  from  an  oxygen 
impurity  in  the  flow  through  the  microwave  discharges.  Separate 
experiments  have  shown  that  the  0  +  N3  reaction  indeed  produces  intense 
NO  y-band  emission.  Gas  purifiers  (Oxyclear  DPG-250)  were  installed  in  the 
Argon  and  N2  source  lines  in  an  attenpt  to  alleviate  this  problem,  and  in 
fact  a  reduction  of  roughly  75  percent  was  observed  in  the  NO  intensity. 
No  reduction  in  features  identified  as  Vegard-Kaplan  bands  was  observed. 
The  remainder  of  the  NO  intensity  no  doubt  arises  from  an  02  impurity  in 
the  F2  or  CF4  sources  of  fluorine  atoms.  The  NH  emission  arises  from 
interaction  of  n2(A)  metastables  with  the  HN3  reagent.  The  HN3  is 
dissociated  in  this  process,  generating  NH(A3n).  (Ref.22)  In  view  of  the 
energy  of  the  N2(C3  nu)  state,  it  cannot  be  produced  directly  by  reactions 
of  ground  state  reagents  present  in  the  flow.  Figure  12  shows  a  plot  of 
the  N2  C  -*■  B  intensity  (measured  at  the  1,2  band)  versus  the  HN3  flow.  As 
indicated  in  the  figure,  the  data  are  closely  fit  by  a  quadratic  function. 
This  result  indicates  that  N2(C)  is  produced  by  a  process  which  is  second 
order  in  HN3.  Since  N2(B)  [and,  hence,  N2(A)]  vary  linearly  with  HN3,  the 
origin  of  N2(C)  is  identified  as  the  well-known  energy  pooling  reaction 
among  N2(A)  metastables: 

2N2(A3ZU+)  -N2(C3nu)  +N2(X1£g+).  (11) 


25 


I  ON 


(sunn  MUUWI  UISH31NI 


26 


portion  of  the  spectrum  of  UV  emissions  produced 
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INITIAL  HN,  DENSITY 


The  rate  constant  (Ref.l)  for  reaction  11  is  near  2  X  10”^0an3s 

2.  Time  Behavior  of  the  N3  Emissions 

The  time  profile  of  the  N3  first  positive  emission  was  measured  by 
movement  of  the  sliding  injector  (the  HN3  source)  with  respect  to  the  fixed 
observation  port.  A  typical  profile,  measured  for  the  6,3  band  near 
661  nm,  is  shown  in  Figure  13.  The  finite  rise  time  of  the  emission  was 
unaffected  by  changes  in  the  flow  rates  of  any  of  the  reagents  and,  hence, 
corresponds  to  the  mixing  rate.  The  decay  is  well  fit  by  an  exponential 
function.  Measurements  of  the  time  profile  and  total  intensity  of  the 
N2  B  -*■  A  emission  were  made  as  the  concentrations  of  F  atoms  and  N  atoms 
(both  pseudo-first-order  reagents)  were  systematically  varied. 
Concentrations  of  these  species  were  determined  by  chemiluminescent 
titrations  with  Cl2  and  NO,  respectively. 

The  decay  time  of  the  first  positive  emission  was  found  to  vary 
inversely  with  the  fluorine  atom  density.  This  behavior  is  identified  as 
corresponding  to  changes  in  the  rate  of  formation  of  N3  by  the  F  +  HN3 
reaction.  Figure  14  shows  a  plot  of  the  decay  rate  of  the  N2  B  ■*  A 
emission  versus  the  initial  density  of  F  atoms.  The  line  shown  is  a  linear 
least-squares  fit  to  the  data.  The  slope  of  the  line  gives  a  rate  constant 
k2  ■  (1.6  ±  0.4)  X  10“10cm3s~1  for  the  F  +  HN3  reaction.  The  intercept 
near  the  origin  indicates  that,  within  the  uncertainty  of  the  data  shown, 
this  reaction  is  the  only  source  of  N3  [and  hence  N2(B)]  in  the  system. 

The  time  profile  of  the  emission  was  also  measured  as  a  function  of 
the  N  atom  concentration.  In  this  case,  the  complete  time  profile  was 
fitted  to  an  expression  I  (t)  =  C(e~  ^lt-e~  x21),  where  A  and  \2  are 
rates  for  the  decay  and  rise  of  the  emission.  Within  the  uncertainty  of 
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igure  14.  Rate  of  decay  of  the  first  positive  emission  versus  the  density  of  fluorine  atoms.  For  these 
data,  the  initial  HN^  density  was  near  6.5  X  lO^cnT^.  The  solid  line  is  a  least-squares  fit 
to  the  data,  whose  slope  yields  a  rate  constant  k  =  1 . 6  ±  0.4  X  lO'^cnrs'l . 


the  experiment,  the  values  of  and  X2  were  found  to  be  invariant  with 
the  N  atom  flow  rate.  The  time- integrated  intensity  of  the  flame  increased 
linearly  with  the  measured  N  atom  density  (Fig.  15).  These  data  suggest 
that  N  atoms  compete  with  another  process  for  removal  of  N3  from  the 
system.  For  high  N  atom  densities  (>  4  X  10-*-3cm~3) ,  the  intensity  was 
invariant  with  increasing  N  atom  flow,  suggesting  the  dominance  of  the 
N  +  N-j  reaction  in  this  region. 

The  time  profile  of  the  N2(A)  density  in  the  system  was  determined 
from  the  profile  of  the  C3  n  u  -«-B3  Hg  emission.  Since  this  emission  is 
produced  by  reaction  11,  its  intensity  varies  as  the  square  of  the  N2(A) 
density,  such  that  the  N2(A)  time  profile  is  given  by  the  square  root  of 
the  N2  C  -*  B  time  profile.  The  N2(A)  profiles  determined  in  this  manner 
exhibited  a  finite  rise  time  considerably  slower  than  that  found  for  the 
first  positive  emission  (the  mixing  rate),  followed  by  a  decay  which 
tracked  the  first  positive  decay.  Hence,  the  decay  is  identified  as  the 
rate  of  formation  of  N2(A)  [and  N2(B)]  and  the  rise  as  a  collisional  decay 
rate.  The  measured  rise  times  were  found  to  be  in  good  agreement  with  the 
measured  N  atom  density  and  the  rate  constant  reported  (Ref. 23)  for  N2(A) 
quenching  by  these  atoms  (k  =  5  X  10~^^cm^s"^) . 

3.  Yield  of  N2  B3  Hg  A3  I  u+  Photons 

Measurements  of  the  total  yield  of  N2  first  positive  photons  were  made 
by  calibrating  the  light  collection  efficiency  of  the  apparatus  by 
comparison  with  chemiluminescence  from  the  0  +  NO  reaction.  (Ref. 24)  For 
this  purpose,  the  monochromator  used  in  most  experiments  was  replaced  by  a 
filter  which  transmitted  wavelengths  above  510  nru  The  PMT  cutoff  was  near 
890  rm.  To  reduce  the  overall  light  intensity  striking  the  photocathode  of 
the  PMT,  a  500  ym  slit  was  fixed  over  the  reactor  window,  and  the  detector 
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Figure  15.  Intensity  of  the  first  positive  emission  from  N  +  versus 
solid  line  is  a  least  squares  fit  to  the  data. 


was  moved  a  distance  of  25  an  away  from  the  slit.  This  geometry  was  used 
in  measurements  of  intensities  from  both  the  NO2  and  N2  systems.  Known 
concentrations  of  0  atoms  and  NO  were  produced  in  the  reactor  by  the  N  +  NO 
titration  procedure.  (Ref.20)  Measurement  of  the  NO2  emission  intensity 
produced  by  this  reaction  yields  a  calibration  parameter  «,  given  by 


observed  intensity 
k[0] [NO] 


(12) 


where  y  is  the  fraction  of  the  total  NO2  emission  detected  by  the 
filter/PMT  combination,  determined  from  the  NO2  emission  spectrum  and  the 
PMT  response.  The  parameter  k  is  the  rate  constant  (Ref. 24)  for  production 
of  no2  photons  by  the  0  +  NO  reaction,  taken  to  be  6.3  X  10"1-7cm3s-1-.  This 
two-body  rate  is  appropriate  (Ref. 24)  to  the  experiments,  which  were 
performed  at  total  pressures  near  0.9  Torr.  The  absolute  rate  of 
production  of  N2  B  -  A  photons  from  the  N/F/HN3  system  is  then  determined 
from  the  first  positive  intensity  as  follows: 


photon  flow  = 


/  Iobsdc^v 


(13) 


y  a 

where  the  observed  intensity  is  integrated  over  the  flame  volume,  and  y'  is 
the  fraction  of  the  B  A  photons  detected  by  the  filter/PMT  combination. 
The  value  of  y'  was  determined  from  the  PMT  response,  the  vibrational 
distribution  shown  in  Figure  9  and  published  values  (Ref. 21)  for  the 
Franck-Condon  factors  of  the  transition.  The  N2  B  -*■  A  photon  yield  is 
defined  as 


<J>  B  A 


photon  flow 
HN3  flow 


X  100% 


(14) 


where  HN3  is  the  limiting  reagent  in  the  system.  A  number  of  independent 
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Measurements  of  $  yielded  very  consistent  values  in  the  rahge  18  to  22 

percent. 


4.  Yield  of  N2(A3  Iu+) 

The  density  of  N2(a)  present  in  the  flame  can  be  estimated  by  assuming 
that  the  N2  c  -*•  B  second  positive  radiation  arises  solely  from  N2(A)  energy 
pooling,  reaction  11.  This  assumption  seems  quite  reasonable  in  light  of 
the  quadratic  relation  between  the  second  positive  intensity  and  the  hn3 
flow  rate.  Under  these  circumstances,  the  steady-state  density  of  N2(C)  is 
given  by 


[C] 


ss 


kji  [A]  33^ 

V  C 


(15) 


where  [A]  gg  is  the  steady-state  density  of  N2(A)  at  a  particular  time 
(i.e.,  the  point  at  which  the  second  positive  intensity  is  measured),  and 
krc  is  the  known  radiative  rate  (Ref. 25)  of  the  C3n  u  ♦  B3ng  transition, 
2.5  X  107  s'1,  since  the  density  of  an  emitter  is  proportional  to  its 
emission  intensity  (in  photon  flux)  divided  by  the  radiative  rate,  the 
steady-state  density  of  N2(A)  is  given  by 


krC^ss  ^r^C  ■+■  B/krC^  ^r^C  ■»  B 

[Algg  =  -  =  - —  =  - 

kll^ss  kll  (IA  -*■  X/kr  *  !?11iA  -*•  X 

■  2-S  *  109  «c  .  x>  c*'3 


(16) 


where  published  values  (Ref.l)  for  krA  (the  radiative  rate  of  the 
A3  £u+  X3-  2 g+  transition)  and  k]_]_  [the  rate  constant  for  energy  pooling 

producing  N2(C)]  have  been  inserted.  The  krA  value  used,  0.5  s-3-, 
represents  an  average  for  the  3  Z  u+  spin  components.  The  intensities  refer 
to  the  total  frequency  integrated  intensities  of  the  C  ■*  B  and  A  X 
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transitions,  in  photon  flax.  Data  similar  to  that  shown  in  Figure  11 
indicate  an  intensity  ratio  of  approximately  40  and,  hence,  an  N2(A) 
density  of  about  1  X  10^  cm~^,  for  a  measurement  near  the  peak  of  the 
^2 (A)  time  profile.  Calculations  of  the  intensity  ratio  made  use  of 
published  (Ref. 6)  Franck-Condon  factors  for  the  C  B  and  A  ■+  X 
transitions.  Also,  it  was  assumed  that  only  v  =  0  and  v  =  1  of  the  A 
state  were  populated,  as  seems  reasonable  (Ref.26)  given  the  density  of  N2 
present. 

The  calculated  N-,  (A)  density  refers  to  a  particular  point  in  the 
flame.  To  obtain  an  estimate  of  the  total  yield,  the  finite  rates  of 
production  and  removal  of  N2(A)  must  be  taken  into  account.  Given  these 
data,  it  is  reasonable  to  use  the  following  model: 


F  +  HN3 

-  HF  +  N3 

(8) 

N  +  N3 

-  n2(a)  +  n2 

(7) 

n2(a)  + 

Q  -  N2(X)  +  Q 

(17) 

where  Q  is  any  quencher  of  N2(A).  The  density  of  N2(A)  at  a  time  t  is  then 
given  by 

[Almax  =  ~ — -  (e'k8tHN3]ot  -e“kl7lQlt)  (18) 

katH^o  -  k17  IQJ 

Note  that  this  treatment  assumes  process  7  to  be  much  faster  than 
process  8,  as  indeed  the  data  would  indicate,  and  further  that  the  yield  of 
N2 (A)  from  the  N  +  N3  reaction  is  unity.  This  would  be  the  case  if,  for 
example,  the  yield  of  N2(B)  were  unity  and  all  of  the  N2(B)  decayed 
radiatively  to  N2(A).  Hence,  this  expression  gives  the  maximum  density  of 
N2(A)  at  a  time  t.  The  values  of  kg[HN3l0  and  k17[Q]  are  determined  by  the 
measured  rise  and  decay  rates  of  the  N2(A)  time  profile.  For  typical 
conditions,  [A],^^  is  found  to  be  -6  X  10^^cm“^  at  the  point  of  measurement 
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of  the  UV  spectrum.  Hence,  the  intrinsic  yield  of  N2(A)  would  appear  to  be 
about  15  percent,  in  good  agreement  with  the  measured  N2  B-*A  photon  yield. 
These  data  would  suggest  that  all  of  the  N2(A)  present  in  the  flame  can  be 
accounted  for  by  first  positive  emission  from  the  N2(B)  state. 

5.  Kinetic  Model  for  the  F/N/HN3  System 

Based  on  the  data  presented  for  the  F/N/HN3  system,  we  propose  the 
following  mechanism  to  account  for  the  behavior  of  the  N2  first  positive 


emission: 

F  +  HN3  ->■  HF  +  N3  (8) 

F  +  N3  -►  NF(a1A  )  +  N2  (9) 

N  +  N3  -  N2(B3ng)  +  N2(X1Zg+)  (?> 

M  +  N3  -*•  products  (19) 

N2(B3ng)  -  N2  (A3  Z  u+)  +  hv  (20) 

N2  (B3  n  +  M  products  (21) 


where  M  refers  to  unspecified  molecules  present  in  flow.  Since  the  rate  of 
removal  of  N2(B),  k2g  +  k2i(M],  is  rapid  with  respect  to  the  rate  of  its 
formation,  a  steady-state  expression  can  be  used  to  describe  the  intensity 
of  the  first  positive  emission: 
k7[N][N3] 

lB  *  A  =  ><20  7  *21  [Ml  (22) 

For  conditions  under  which  the  densities  of  N  and  M  are  much  greater  than 
those  of  HN3  (and  hence  N3),  the  intensity  will  track  the  time  dependence 
of  the  N3  density.  From  the  proposed  mechanism,  the  rate  equation  for  N3 
is  given  by 

d[N3]/dt  =  kg[F][HN3]  -  (k9[F]  +  k7 EN1  +  k19(M])[N]  (23) 
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Since  the  value  of  kg  has  been  reported  (Ref. 27)  to  be  2  X  10'":'-2cm3s“-'-, 
process  9  is  far  too  slow  to  be  important  for  the  fluorine  atom  densities 
used  in  these  experiments.  Also,  since  the  density  of  HN-j  is  much  smaller 
than  the  density  of  fluorine  atoms 

[HN3]  =  (HN3]0e-k8[F]t  (24) 

The  time  dependence  of  the  N3  density  is  given  by 

[„]  =  - K8.[F]  [HN3i? - (ek8[Flt  -  e“<k7tNl  +  ki9  fc)  (25) 

1*7  [N]  +k^g  [M]  —kg  [F] 

From  the  experiments,  the  term  e"k8^F^t  corresponds  to  the  decay  of 
the  B  ->•  A  emission,  and  we  find  kg  =  1.6  X  10-1®cm^s~1.  Since  the  observed 
rise  of  the  emission  did  not  vary  with  [N],  the  term  k7[N]  +  k^tM]  must 
exceed  the  finite  mixing  rate  in  the  system.  Further,  k^gtM]  must  be  a 
significant  contributor  to  the  removal  of  N3  at  low  N  atom  densities  since, 
under  these  conditions,  the  intensity  at  a  given  time  increased  linearly 
with  [N]  or  [HN3J0  for  a  fixed  flow  of  F  atoms.  For  N  atom  densities 
>~4  X  10^3cnf"3,  reaction  7  would  appear  to  dominate  n3  removal  as  indicated 
by  the  independence  of  the  first  positive  intensity  on  [N]  and  the  high 
photon  yields  found  in  this  regime.  In  this  case,  the  rise  time  sets  a 
lower  limit  on  the  rate  constant  for  reaction  7.  This  treatment  yields  a 
value  k7  >_  6  X  10“^^cm^s-^.  The  rate  constant  reported  in  Reference  15 
(1.6  +  1.1)  X  10~-*-1cm^s--*-,  was  obtained  from  a  steady-state  treatment  of 
the  N/Cl/HN-j  reaction.  A  mechanism  was  assumed  in  which  N  and  Cl  atoms 
compete  for  N3  produced  by  Cl  +  HN3,  a  relatively  slow  process  with  a  rate 
constant  (Ref. 28)  of  1  X  10“12cm3s-1.  Since,  in  the  present  experiments, 
the  F  +  N3  reaction  is  completely  negligible,  the  operation  of  a  reaction 
such  as  process  19  is  required  to  explain  the  increase  in  intensity  with  N 
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atoms  for  [N]  <  4  X  10^-^cm-^.  In  principle,  reaction  19  should  also  be 
important  in  the  N/CI/HN3  system,  since  in  the  experiments  show  the  sum  of 
the  N  and  Cl  atom  densities  was  apparently  on  the  order  of  10-'-3cm-3> 
Inclusion  of  reaction  19  in  the  mechanism  of  the  N/CI/HN3  system  would 
result  in  calculation  of  a  larger  value  of  k^  from  the  steady-state 
treatment.  Hence,  the  data  tend  to  support  the  higher  value. 

The  exact  nature  of  reaction  19  is  unknown.  Its  operation  has  been 
suggested  by  a  number  of  previous  experiments  with  azide  systems.  In  the 
reactions  (Refs.2  and  18)  of  F  atoms  or  mixed  F  and  Cl  atoms  with  HN3,  the 
admission  of  SFg  or  C02  to  the  reaction  medium  was  observed  to  nearly 
double  the  intensities  of  anissions  from  excited  singlet  states  of  NF  or 
NCI,  respectively.  One  interpretation  of  this  phenomenon  is  that  these 
molecules  serve  to  stabilize  N3  radicals  produced  by  F  +  HN3.  This  picture 
is  supported  by  measurements  (Ref. 29)  of  the  vibrational  distribution  in 
the  HF  product  of  this  reaction,  which  is  nearly  statistical  and  heavily 
favor  lower  v  levels.  It  seems  likely,  therefore,  that  a  sizable 
proportion  of  the  55  kcal  mol-1  released  by  F  +  HN3  appears  as  internal 
excitation  in  N3.  Hence,  loss  of  N3  from  the  system  may  occur  by 
unimolecular  dissociation  or  by  dissociation  in  collisions  with  species  M 
(reaction  19).  Since  insufficient  energy  is  available  to  produce  the 
adiabatic  dissociation  products  N(2d)  +  N2(X1Z  g+),  collisions  may  be 
required  to  stimulate  a  jump  to  the  quartet  potential  energy  surface 
leading  to  N(4S)  +  N2(X).  Thermodynamically,  dissociation  to  these  ground- 
state  fragments  may  require  as  little  as  12  kcal  mol-*.  The  true  barrier 
height,  defined  by  the  position  of  the  doublet-quartet  curve  crossing,  is 
likely  to  be  considerably  higher. 


38 


The  measured  N2  a  -+  A  photon  yields  simply  represent  the  flow  of  first 
positive  photons  relative  to  the  HN3  flow,  for  the  particular  conditions  of 
the  experiments.  In  all  probability,  the  actual  branching  fraction  for 
production  of  n2(B)  by  N  +  N3  is  much  greater  than  the  photon  yield,  since 
collisional  quenching  of  N2(B)  or  removal  of  N3  by  other  paths  has  not  been 
taken  into  account.  As  noted,  addition  of  large  flows  of  C02  or  SFg  were 
found  to  nearly  double  the  photon  yields  from  halogen  atom  reactions  with 
N3,  presumably  by  stabilization  of  the  fragile  azide  radicals.  No  such 
additives  were  used  in  the  present  experiments,  primarily  because  of  the 
susceptibility  of  N2(B3Jlg)  to  collisional  quenching.  This  state  is 
strongly  coupled  by  collisions  to  the  nearby  W3  a  u  state,  such  that  the 
equilibrium-weighted  lifetimes  of  coupled  pairs  of  states  can  be 
considerably  longer  (by  as  much  as  an  order  of  magnitude)  than  the  lifetime 
of  the  B3IIg  state  in  the  absence  of  collisions.  (Ref.10)  These  extended 
lifetimes  are  such  that  collisional  quenching  can  be  a  significant  problem 
at  the  densities  of  the  experiments.  For  example,  admission  of  CX^  to  the 
system  at  a  density  of  2  X  1014an-3  (about  a  factor  of  30  smaller  than  the 
densities  used  in  the  halogen  atoro-N3  experiments)  was  found  to  quench  the 
visible  first  positive  emission  to  one-half  its  initial  value.  It  would 
seem,  therefore,  that  optimum  operation  of  the  N  +  N3  reaction  may  well 
involve  a  trade-off  between  stabilization  of  the  N3  radicals  and  quenching 
of  excited  n2. 

The  high  yield  of  N2(B)  is  as  expected  from  the  angular  momentum 
constraints  operative  in  the  system.  This  result,  coupled  with  an 
observation  that  the  rate  constant  of  the  N  +  N3  reaction  is 
>  6  X  10-11cm3s-1,  suggests  that  this  is  a  promising  system  for  the 
production  of  large  flows  of  N2 (A)  metastables  as  required  by  a  laser 
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IV.  Rates  of  Reactions  of  the  Azide  Radical 


A  primary  consideration  in  evaluating  a  chemical  source  of  triplet  N2 
metastables  is  how  well  its  rate  competes  with  energy  loss  from  the 
N2(A3Eu+,  B^IIg,  W3Au)  pool.  As  the  rate  of  energy  loss  will  be  roughly 
one-half  the  rate  of  the  2N2(A)  -*•  N2(C)  +  N2  (X)  pooling  process 
(k  =  2  X  10"^®cm3s“-*-) ,  either  the  rate  constant  of  the  formation  process 
must  be  large,  or  a  large  excess  of  the  reagents  (relative  to  N2(A))  must 
be  present.  In  the  case  of  the  N  +  M3  reaction,  the  pseudo-first  order 
reagent  is  N  atoms,  which  can  also  act  as  a  quencher  of  N2(A).  Hence,  the 
rate  constant  of  the  N  +  N3  reaction  must  be  substantially  greater  than 
that  of  N2(A)  quenching  by  N  atoms  (Ref. 23)  (k  *  3  X  10-11an3s-1)  in  order 
for  this  to  be  a  viable  system. 

Another  reaction  of  particular  importance  in  all  azide-based  systems 
is  the  self-removal  of  N3  radicals,  N3  +  N3  -*■  products.  Two  mechanisms 
have  been  proposed  for  this  process,  a  direct  bi-molecular  reaction 
yielding  second  order  kinetics 

N3  +  N3  -  3N2  ,  (26) 

and  a  two-step  process  in  which  free  N  atoms  act  as  an  intermediate: 

N3  +  M  -*N  +  N2  +  M  (27) 

N  +  N3  -*■  2N2 

As  shown,  reaction  27  efficiently  produces  N2(B3IIg)  and,  hence, 
N2(A3E  u+)  by  B  A  radiation.  The  two-step  process  would  have  kinetics 
which  are  pseudo-first  order  in  M.  A  number  of  authors  have  discussed  the 
nature  of  the  self-removal  reaction  and  its  rate.  Evidence  was  found  for 
both  the  first  and  second  order  processes  (Ref .30) ,  and  determined  a 
bimolecular  rate  constant  on  the  order  of  5  X  10“^3cm3s"^.  A  similar  rate 
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constant  was  reported  in  Reference  31.  Reference  32  reports  the  generation 
of  N3  radicals  from  thermal  decomposition  of  NaNj,  and  shows  evidence  that 
the  self-removal  reaction  produces  N2  first  positive  (B3TI  g  - 
emission.  From  a  mass  spectrometric  study  of  the  decomposition  of  CIN3, 
Reference  33  reported  the  rate  constant  of  reaction  26  to  be 
8  ±3  X  10-11an3s”^.  Finally,  N3  radicals  have  been  produced  from  the  rapid 
reaction  of  HN3  with  fluorine  atoms  (Ref.34).  N2  first  positive  emission 
was  observed  from  the  self-removal  process,  but  pseudo-first  and  second 
order  mechanisms  could  not  be  distinguished.  The  N2  emission  intensity  was 
found  to  increase  at  a  faster  than  linear  rate  with  increasing  N3 
concentration,  which  was  monitored  directly  by  absorption  methods. 

Observations  of  processes  which  remove  N3  radicals  produced  by  the 
F  +  HN3  reaction  are  described  in  this  Section.  Rate  constants  are 
reported  for  the  reaction  of  N3  with  F  atoms,  N  atoms,  and  the  products  of 
the  F  +  HN3  reaction  (thought  to  be  primarily  HF  and  n3)  as  well  as  the 
rate  of  N3  removal  at  Teflon  and  Pyrex  walls.  Apart  from  this  kinetic 
information,  the  data  obtained  offer  insight  regarding  the  mechanism  of  the 
azide  self-removal  process. 

1.  Rate  Constant  Measurements 

The  majority  of  these  experiments  were  performed  with  the  Teflon 
discharge-flow  reactor  shown  in  Figure  4.  A  few  experiments  were 
performed  with  the  Pyrex  (or  halocarbon  wax-coated  Pyrex)  reactor. 

Admission  of  HN3  to  a  large  excess  flow  of  fluorine  atoms  produced  the 
bright  green  flame  corresponding  to  the  b1  £  +  -►  x3  E  ”  transition  in  NF,  as 
discussed  previously.  As  the  flow  rate  of  the  fluorine  atoms  (produced  by 
a  discharge  through  CF^  diluted  in  Ar)  was  reduced  to  the  point  where  the 
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densities  of  F  atoms  and  HNj  were  neariy  equivalent  (-  3  X  10^-3cm”3),  a 
distinct  color  change  was  observed,  the  flame  becoming  a  dull  red  color. 
The  visible  spectrum  of  the  flame  under  these  conditions  was  recorded  and 
is  shown  in  Figure  16.  All  features  evident  in  the  spectrum  are  attributed 
to  the  first  positive  (B3  IIg  -*•  A3  Iu+)  transition  in  N2.  It  is  evident 
from  the  spectrum  (and  from  the  visual  color  of  the  flame)  that  the  steady- 
state  vibrational  population  distribution  in  N2(b3  ng)  heavily  favors  the 
lower  vibrational  levels.  As  shown  in  the  figure,  population  of  levels  up 
to  v  =  7  is  observed. 

The  time  dependence  of  the  N2  first  positive  emission  was  determined 
by  movement  of  the  HN3  injector  with  respect  to  the  fixed  position  of  the 
observation  port.  For  experiments  in  which  HN3  was  admitted  to  large 
excess  flows  of  fluorine  atoms  ([F]  >  la^cm-3),  the  time  profile  of  the 
emission  exhibited  a  short  rise  (corresponding  to  the  finite  mixing  time  in 
the  system)  followed  by  a  slow  decay  over  several  milliseconds.  Since  the 
initial  reaction  between  fluorine  atoms  and  HN3  has  a  rate  constant 
1.6  ±  0.3  X  10"l®cm3s",  the  products  of  this  reaction  are  generated  in 
<  1  ms  for  these  densities  of  excess  F  atoms.  Evidence  from  both 
chemiluminescence  (Refs.18  and  27)  and  photoelectron  spectroscopic  studies 
(Ref.35)  of  the  F  +  HN3  system  indicates  that  these  products  are  largely  HF 
and  N3.  Consequently,  we  identify  the  decay  of  the  N2  first  positive 
emission  as  corresponding  to  the  rates  of  processes  which  remove  N3  from 
the  system. 

To  investigate  the  rate  of  removal  of  N3  by  excess  fluorine  atoms,  the 
time  profile  of  the  N2  first  positive  emission  was  measured  for  a  fixed 
initial  HN3  density  near  1  X  1013cm~3  and  various  F  atom  densities  up  to 
3  X  10^3cm-3.  In  each  case,  the  observed  decay  of  the  emission  was 
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Figure  16.  A  portion  of  the  spectrum  of  visible  emission  produced  by  the  F  +  HN3  reaction  for 
[F]0  =  [HN3]0  =  3  X  1012cnf3. 


well  fit  by  an  exponential  function,  although  the  reagent  densities  would 
suggest  the  kinetics  of  the  system  to  be  intermediate  between  first  and 
second  order  (assuming  F  +  HN3  to  produce  a  high  yield  of  N3).  Attempts  at 
fitting  the  data  to  second  order  kinetics  gave  poor  results.  Figure  17 
shows  a  plot  of  the  exponential  decay  rate  of  the  N2  emission  versus  the  F 
atom  density  from  a  number  of  experiments.  The  slope  of  the  linear  least 
squares  line  through  the  data  indicates  the  rate  constant  for  the  removal 
of  N3  by  the  excess  F  atoms.  To  evaluate  this  rate  constant,  however,  we 
must  know  whether  the  production  of  excited  is  first  or  second  order  in 
N3.  Since  the  data  suggest  that  production  of  one  ^(B)  requires  two  U3 
molecules,  we  calculate  a  rate  constant  k  =  1.8  +  0.4  X  10-^2an3s"*3  for  the 
F  +  N3  reaction.  This  value  is  in  excellent  agreement  with  the  approximate 
result  reported  several  years  ago  (Ref. 27).  The  uncertainty  noted  in  the 
present  result  is  larger  than  that  corresponding  to  the  scatter  in 
Figure  17,  in  order  to  account  for  possible  error  associated  with  treatment 
of  the  N3  decay  as  a  pseudo-first  order  process. 

The  [F] excess  =  0  intercept  in  Figure  17  corresponds  to  the  rate  of  N3 
removal  by  the  products  of  the  F  +  HN3  reaction  (HF  and  N3)  and  by  the 
Teflon  surfaces  in  the  flow  reactor.  To  determine  the  rates  of  these 
processes,  a  series  of  experiments  were  performed  in  which  the  decay  of  the 
N2  first  positive  emission  was  measured  for  various  initial  equivalent 
densities  of  fluorine  atans  and  HN3  in  the  range  2  X  10i2  to  2  X  1013an”3. 
Here  again,  the  measured  decays  were  well  fit  by  an  exponential  function. 
Figure  18  shows  a  plot  of  the  decay  rate  versus  the  initial  density  of  HN3 
and  fluorine  atoms.  From  the  slope  of  the  plot,  the  rate  constant  for  N3 
removal  by  the  products  of  the  F  +  HN3  reaction  is  2.0  +0.4  X  10”32cm3s'"^. 
The  intercept  in  Figure  18,  [F] Q  =  [HN3)0  =  0,  gives  the  rate  constant  for 
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Figure  17.  Rate  of  exponential  decay  of  the  first  positive  emission  versus  the  excess  density  ot 

fluorine  atoms  ([F]  -(HN,10).  The  si  .,e  of  the  least  squares  fit  indicates  a  rar?  constant 
k  =  1.8  t  0.4  X  10-i2cm-3s~l  for  the  F  t  N,  reaction. 


densities  of  HN0  and  F  atoms. 


removal  of  N3  by  the  Teflon  surfaces,  46  ±0.4  s-1.  This  value  corresponds 
to  a  surface  quenching  efficiency  y  3  4X10“ 3  for  our  systan.  A  series  of 
analogous  experiments  were  performed  in  order  to  measure  N3  removal  rates 
for  Pyrex  and  halocarbon  wax-coated  surfaces.  These  experiments  were 
performed  with  Pyrex  or  wax-coated  Pyrex  flow  reactors  similar  to  the 
Teflon  systan.  In  these  experiments,  however,  the  intensity  of  the  N2 
first  positive  emission  was  too  low  to  be  accurately  measured,  indicating 
the  possibility  of  a  large  n3  surface  removal  rate.  To  further  investigate 
this  issue,  experiments  were  performed  using  the  Teflon  flow  reactor  with 
Pyrex  rods  of  varying  sizes  inserted  to  give  various  relative  surface  areas 
of  Teflon  and  Pyrex.  It  was  observed  that  for  a  Teflon  :  Pyrex  surface 
area  ratio  of  2.2  :  1  the  peak  intensity  of  the  N2  first  positive  emission 
was  reduced  by  a  factor  of  2,  but  the  time  decay  rate  of  the  emission 
(corresponding  to  the  removal  of  N3)  was  unchanged. 

Further  information  regarding  the  origin  of  the  N2  first  positive 
emission  in  the  F  +  HN3  system  was  obtained  from  observation  of  the 
emission  time  profile  in  experiments  where  the  initial  density  of  HN3  was 
very  low  (<  5  X  1012).  In  such  cases,  a  distinct  risetime  was  observed,  as 
shown  in  Figure  19.  This  rise  is  substantially  slower  (by  at  least  a 
factor  of  3)  than  the  rate  of  production  of  N3  calculated  from  the  reagent 
densities  and  the  known  rate  constant  of  the  F  +  HN3  reaction.  N2  B  -*•  A 
time  profiles  were  measured  for  a  number  of  initial  HN3  densities  in  the 
range  2  X  1012  to  9  X  10l2cm-3f  for  a  fixed  initial  F  atom  density  of 
1  X  10l3cm“3.  The  time  profiles  were  fitted  to  a  sun  of  rising  and  falling 
exponential  functions  to  obtain  a  measure  of  the  rate  corresponding  to  the 
rise  of  the  emission.  Although  these  data  showed  considerable  scatter,  a 
teal  trend  was  evident  in  which  the  risetime  shortened  with  increasing 
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Figure  19.  Time  profile  of  the  N?  first  positive  emission  for  [Fl0  =  l  x  lO^cni  and  (HN^l 


HN3  density.  These  observations  of  the  risetime  were  interpreted  to 
indicate  the  production  of  a  species  which  reacts  with  N3  to  produce  M2(B). 
In  view  of  previous  results,  N  atoms  are  the  most  likely  candidate  for  the 
reactive  species. 

The  rapid  production  of  N3  radicals  by  the  F  +  HN3  reaction  in  an 
environment  where  their  decay  is  slow  affords  an  opportunity  to  measure 
rate  constants  of  reactions  of  N3  with  added  species.  An  example  is  the 
measurement  of  the  F  +  N3  rate  constant.  A  rate  constant  of  particular 
importance  in  analyzing  the  present  data  is  that  of  the  M  +  N3  reaction. 
In  the  initial  work  on  this  system,  only  a  lower  limit  rate  constant  for 
this  process,  k>  6  X  10”Hcm-3s-l  was  measured.  Hence,  we  performed  a 
number  of  new  experiments  to  obtain  an  explicit  value  for  this  parameter. 
For  this  purpose,  N  atoms  were  produced  by  microwave  discharge  through 
N2/Ar  mixtures  upstream  of  the  second  movable  injector.  The  N  atom 
concentrations  in  the  flow  reactor  were  determined  by  titration  with  HO. 
In  the  experiments,  HN3  and  N  atoms  were  admitted  to  the  F  atom  stream  at 
the  same  point  relative  to  the  fixed  observation  port,  and  the  decay  of  the 
N2  first  positive  amission  was  measured  by  movement  of  the  two  injectors  in 
unison.  The  F  atom  density  was  maintained  at  1  X  lG^cm'^  and  the  HN3 
density  at  6  X  10^cm“^,  such  that  N3  radicals  were  produced  in  less  than 
1  ms  at  a  density  substantially  less  than  that  of  the  added  N  atoms  (i.e., 
the  system  was  pseudo-first  order  in  N  atoms).  The  N2  first  positive 
emission  observed  from  addition  of  N  atoms  to  the  F  +  HN3  system  was  more 
intense  by  about  three  orders  of  magnitude  than  that  produced  by  F  +  HN3 
alone,  as  described  previously.  In  this  case,  the  amission  is  produced  by 
the  pseudo-first  order  reaction  of  N3  with  excess  N  atoms  and  the  observed 
time  decay  of  the  emission  reflects  the  rate  of  the  N  +  N3  reaction.  A 
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number  of  experiments  were  performed  in  which  the  exponential  decay  rate 
was  measured  for  various  densities  of  N  atoms,  and  the  results  are  shown  in 
Figure  20.  From  the  slope  of  the  linear  plot,  a  rate  constant 
k  =  1.4  ±  0.2  X  10“^cm3s"'^  is  determined  for  the  N  +  N-j  reaction.  This 
value  is  consistent  with  the  upper  limit  determined  previously. 

2.  Kinetic  Model  for  Competitive  N3  Reactions 

The  data  suggest  that  the  direct  second  order  recombination  of  N3 
radicals  is  not  in  fact  a  rapid  process.  If  it  is  accepted  that  the 
products  of  the  F  +  HN3  reaction  are  predominantly  HF  and  n3,  then  the  rate 
constant  for  N3  +  n3  -*•  products  can  be  no  greater  than  2  X  10-1-2cm3s_1. 
Further,  the  time  decay  of  the  N2  B  •*  A  emission  observed  in  the  various 
experiments  had  an  exponential  form  in  every  case,  indicating  that  first 
order  or  pseudo-first  order  processes  are  most  important  in  the  removal  of 
N3  from  the  system,  it  is  also  clear  from  the  data  that  F  +  HN3  produces 
only  a  small  fractional  yield  of  N  atoms,  if  any  are  produced  at  all.  From 
the  rate  constant  determined  for  the  N  +  N3  reaction  (1.4  X  10-10cm3s“1) 
and  the  observed  rate  constant  for  loss  of  N3  from  the  system  (10“^2an3s”^-) 
the  yield  of  N  atoms  must  be  much  less  than  1  percent.  As  noted  above,  the 
N2  first  positive  intensity  increases  by  more  than  two  orders  of  magnitude 
when  N  atoms  are  admitted  to  the  flow  reactor  from  a  microwave  discharge 
source.  In  fact,  the  N  +  N3  reaction  is  an  extremely  sensitive  detector 
for  the  presence  of  N  atoms. 

On  the  other  hand,  the  data  suggest  that  the  N2  b  -*•  A  emission  observed 
from  F  +  HN3  is  not  produced  by  direct  N3  recombination,  but  rather  by 
reaction  of  N3  with  another  species,  probably  N  atoms.  The  slower  rise  of 
the  N2  emission  intensity  observed  at  lower  reagent  flows  may  well 
correspond  to  the  initial  build-up  of  a  small  N  atom  density  in  the  system. 
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squares  fit  yields  a  rate  constant  k  =  1.4  +  0.2  X  10"lucmV  for  the  N  +  N,  reaction 


Since  this  cise  is  slower  than  the  rate  of  the  F  +  HN3  reaction  for  those 
conditions,  the  atoms  are  not  produced  directly  but  must  arise  from 
subsequent  N3  dissociation.  For  example,  N3  may  be  dissociated  by 
collisions  with  the  surfaces  of  the  flow  reaction  or  by  collisions  with 
vibrational  ly  excited  HF  produced  as  a  coproduct  of  the  F  +  HN3  reaction. 
In  view  of  the  speed  of  the  N  +  N3  reaction,  which  would  rapidly  remove  N 
atoms  under  the  conditions  of  our  experiment,  the  atoms  must  be 
continuously  produced  over  the  time  duration  of  the  observed  t;2  fi-rst 
positive  emission.  This  fact  argues  against  dissociation  by  excited  HF 
(for  which  collisional  and  radiative  relaxation  is  rapid)  (Ref. 36)  and 
supports  a  surface  dissociation  mechanism  for  the  source  of  the  N  atoms  in 
the  system.  In  any  event,  the  steady  state  N  atom  density  produced  in  the 
system  must  be  small  indeed  so  as  to  make  only  a  small  contribution  to  the 
removal  of  N3  from  the  system.  For  example,  the  measured  surface  removal 
rate  of  46  s"1  may  reflect  a  mechanism  in  which  N3  is  dissociated  in  a 
small  fraction  of  its  collisions  with  the  walls.  The  N  atoms  produced 
react  with  other  N3  radicals  to  efficiently  generate  N2(B)  and  subsequently 
N2(A)  metastables.  The  N2(A)  metastables  can  dissociate  col  1  isional  ly 
other  N3  radicals,  regenerating  the  N  atoms.  Hence,  the  observed  surface 
removal  rate  may  reflect  the  operation  of  such  a  chain  rather  than  the 
efficiency  of  individual  wall  collisions. 

If  it  is  assumed  that  the  N2  first  positive  emission  is  produced  by 
the  N  +  N3  reaction,  its  intensity  can  be  described  by  the  following 
steady-state  expression: 

^7 (N] [N3] 

I  a  [N2(B)1  =  -  (28) 

kr 
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where  k7  is  the  N  +  N3  rate  constant  (1.4  X  10“^®cm^s“^)  and  kr  is  the  N2 
B+A  radiative  rate  (1.6  X  10^s“^).  Hence  the  intensity  varies  as  the 
product  of  the  N  and  N3  densities.  Since  the  fluorine  atom  densities  used 
in  these  experiments  are  such  that  the  time  constant  of  the  F  +  HN3 
reaction  is  short  (mixing  limited),  the  N3  density  can  be  described  as  an 
exponential  decay: 

-(1^  +  k  (Q])t 

[N3]  *  [N3]0e  H  (29) 

where  [N3] 0  is  the  initial  N3  density  produced  by  F  +  HN3  (approximately 
equal  to  the  initial  HN3  density),  kw  is  the  measured  wall  removal  rate 
(46  s*1)  and  k^lQ]  refers  to  the  rate  of  pseudo-first  order  removal  by 
other  species  Q  (e.g.,  excess  fluorine  atoms,  HF,  or  added  N  atoms).  We 
propose  the  following  model  to  describe  the  time  dependence  of  the  nitrogen 
atom  density: 
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n3 

N  +  N2 

(30) 

k7[N3] 

N  -► 

n2  +  n2 

(7) 
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K  w 

N 

1/2N2 

(31) 

reaction  7, 

N  atoms  are  removed  at  a  pseudo- first  order 

rate  k 

Although  the  N3  density  decays  in  time  as  in  Equation  29,  this  decay  (on 
the  order  of  100  S-3-)  is  slow  relative  to  the  time  constant  of  Reaction  7 
(on  the  order  of  1000  s”1  for  a  typical  HN3  flow  rate).  Reaction  31 
describes  first  order  removal  of  N  atoms  by  the  reactor  walls  at  a  rate 
k^  Although  this  process  is  in  principle  much  slower  than  Reaction  (7), 
it  may  affect  the  N2  first  positive  intensity  when  the  N3  density  is  low. 
From  Reactions  29,  30,  7,  and  31,  the  time  dependence  of  the  N  atom  density 
is  given  by  a  sum  of  rising  and  falling  exponential  terms: 
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[N]  =  Cje 


(32) 


-(kw+k  [Q])t  -(k7(N3]+kNw)t 

-C2e 

where  and  C2  are  constants.  Note  that  the  exponential  in 
[k? [N3]  +  kNw]  reflects  the  apparent  rise  of  the  N  atom  density.  The 
intensity  of  the  N2  B  ■*  A  anission  is  proportional  to  [N] [N3] : 

-2  (1^+k  [Q] )  t  -  (k7  [N3]  +kN  +>  [q]  )  t 

I  *  c'j^e  H  -C’2e  *  (33) 

For  small  kg[Q],  as  in  the  case  of  excess  fluorine  atoms,  the  rise  of  the 

emission  is  dominated  by  k7[N3I,  the  rate  of  the  N  +  N3  reaction.  The  rise 

shortens  with  increasing  [N3]  (i.e.,  [HN3]Q),  as  observed.  The  decay  is 

given  by  twice  the  rate  of  removal  of  n3  from  the  system  (in  agreement  with 

the  fact  that  two  N3  radicals  are  still  required  to  produce  one  N2<B) 

molecule;  one  to  generate  an  N  atom  and  one  to  react  with  that  N  atom). 

This  factor  of  2  was  taken  into  account  in  the  rate  constants  reported. 

In  the  experiments  with  the  Pyrex  inserts  in  the  Teflon  reactor,  the 

decay  of  the  N2  emission  was  found  to  be  unchanged  relative  to  the  decay 

without  the  inserts  (suggesting  that  and  kg[Q]  are  unchanged),  but  the 

overall  intensity  was  reduced.  From  this  model,  we  interpret  this 

observation  to  reflect  an  enhanced  removal  of  N  atoms  by  the  Pyrex  surface 

(i.e.,  a  larger  kNw).  in  reality,  the  surface  was  not  clean  Pyrex  but 

Pyrex  exposed  to  a  substantial  flow  of  fluorine  atoms  and  HF.  This  model 

also  offers  an  explanation  for  the  widely  varying  values  of  the  apparent 

N3  +  N3  rate  constant  reported  in  References  30,31,32,33.  When  the 

experimental  circumstances  are  such  that  only  a  small  proportion  of  the 

azide  radicals  dissociate  (as  in  the  present  case),  the  N3  +  N3  reaction 

has  a  minimal  effect  on  the  overall  rate  of  N3  removal  and  this  rate  is 

determined  to  be  slow.  For  conditions  which  favor  greater  fractional 

dissociation  of  N3,  the  chain  driven  by  N  +  N3  may  result  in  a  large 


apparent  removal  rate.  Indeed,  production  of  N-j  under  conditions  where 
a  large  fraction  (50%)  dissociates  may  well  offer  a  rapid  and  efficient 
source  of  N2  (B)  and  ^(A)  metastables  for  use  as  storage  agents  in 
potential  laser  systems. 


V.  Reactions  of  N  Atoms  With  Molecular  Azides 


Some  years  ago,  the  production  of  N2(B^Hg)  by  the  interaction  of  CIN3 
with  excess  nitrogen  atoms  was  noted  in  Reference  14.  On  the  basis  of 
these  data,  the  operation  of  the  two  step  mechanism  reactions  6  and  7  (in 
which  N3  radicals  act  as  an  intermediate)  was  postulated.  To  further 
illucidate  the  operation  of  the  N  atom/molecular  azide  systems,  the 
reactions  of  N  atoms  with  HN3,  CIN3,  and  BrNg  have  been  studied.  In  these 
systems,  excited  N2  may  be  produced  by  processes  analogous  to  Equasions  6 
and  7,  if  the  initial  interaction  produces  N3  radicals.  Since  N  +  N3  is 
rapid  and  efficiently  generates  N2(B),  it  is  likely  that  these  systans  will 
in  fact  be  limited  by  their  ability  to  generate  N3.  The  BrNg  +  N  reaction 
is  of  particular  interest  since,  because  of  the  metastability  of  this 
fragile  azide,  direct  production  of  excited  N2  is  also  possible: 

N  +  BrN3  -  Br  +  N2  +  N2  aH=  -223  kcal/mole  (34) 

The  effort  on  these  systems  was  comprised  of  measurements  of  the  rates  of 
removal  of  N  atoms  by  HN3,  CIN3,  and  BrN3,  investigation  of  the  N  +  BrN3 
chemiluminescent  system,  and  measurement  of  rate  constants  for  N2(A) 
quenching  by  HN3,  CIN3,  and  BrN3.  This  work  was  supported  in  part  by 
grants  from  AFOSR  (Grant  No.  AFOSR-0031-84)  and  NSF  (Grant  No.  CHE-820533). 

1.  N(4SU)  Removal  by  Molecular  Azides 

Rate  constants  for  the  reactions  of  nitrogen  atoms  with  various  azide 
species  were  determined  by  using  a  discharge-flow  apparatus  in  conjunction 
with  an  apparatus  for  detection  of  relative  densities  of  N(4S3/2)  atoms  by 
vacuum-UV  resonance  fluorescence  on  the  4S-4P  transition  at  120  nm. 
Nitrogen  atoms,  at  densities  on  the  order  of  10^-^cm-^,  were  produced  by 
passage  of  N2/He  mixtures  through  a  2450  MHz  microwave  discharge.  Reagent 


species  (BrN-j,  ClN^,  or  HN3)  were  admitted  to  the  flow  through  a  sliding 
injector.  The  pressure  in  the  flow  reactor  was  measured  with  an  oil 
manometer.  Typical  conditions  were  such  that  a  linear  flow  velocity  of 
1050  cm  s'1  was  obtained  for  a  pressure  near  750  m  Torr.  The  resonance 
fluorescence  cell  was  fabricated  from  an  aluminum  block  which  served  to 
configure  the  flowing  gas  stream,  N  atom  lamp,  and  detection  system  in 
mutually  perpendicular  directions.  The  lamp  consisted  of  a  microwave 
discharge  through  a  flowing  N2/He  mixture.  The  detection  system  consisted 
of  a  0.2  m  monochromator  (Acton  Research  VM-502)  coupled  with  a  Csl  solar 
blind  photomultiplier  tube.  The  response  of  the  PMT  was  monitored  with  a 
discriminator  and  scaler  for  photon  counting.  A  curve  of  growth  for  the 
resonance  fluorescence  system  was  determined  by  measurement  of  signal 
intensities  for  N  atom  densities  determined  by  chemiluminescent  titration 
with  NO.  The  curve  of  growth  (intensity  versus  density)  was  found  to  be 
linear  only  for  atom  densities  below  1012  an-3. 

The  flow  rates  of  reagent  and  diluent  gases  were  measured  with  Tylan 
FM-360  mass  flowmeters.  The  HNj  was  prepared  by  the  NaN^-stearic  acid 
reaction.  Gaseous  ClN^  and  BrN-j  were  generated  as  described  in  detail 
previously  (Refs.  2  and  3)  by  passage  of  the  molecular  halogen  over  h20- 
moistened  NaN3  suspended  on  glass  wool  at  273  K.  Concentrations  of  CIN3 
and  BrN3  were  determined  by  on-line  continuous  measurement  of  IR  and  UV 
absorptions. 

In  the  experiments,  large  excess  flows  of  the  azides  (corresponding  to 
densities  greater  than  3  X  10^3cm-3)  were  admitted  to  the  N/Ar  flow  via  a 
sliding  injector,  upstream  of  the  position  at  which  N  atoms  were  detected 
by  resonance  fluorescence.  The  time  decay  of  the  N  atom  signal  was 
measured  for  various  flows  of  the  azides.  For  the  greatest  azide  flows, 
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the  N  atom  density  was  found  to  decay  a  maximum  of  20  percent  over  the 
entire  length  of  the  flow  reactor,  corresponding  to  a  decay  rate  no  greater 
than  5  s”3-.  From  this  observation  and  the  azide  densities  (determined  by 
spectroscopic  means),  the  rate  constants  for  reactions  of  N(^SU)  atoms  with 
BrN^,  CIN3,  and  HN3  would  appear  to  be  no  greater  than  1.5  X  10“33cm3s“3. 

During  the  course  of  the  N  +  Br^  experiments,  emission  spectra 
recorded  in  the  150  ran  range  were  found  to  exhibit  a  number  of  distinct 
features  attributable  to  excited  electronic  states  of  bromine  atoms.  This 
spectrum  is  shown  in  Figure  21.  The  transitions  in  question  are  the  well- 
known  4^Pj  -  5^Pj  resonance  lines  of  these  atoms.  The  same  emission 
features  were  found  when  a  flow  of  Br2  (also  at  a  steady-state  density  near 
1033cm-3)  was  added  to  the  N  atom  stream.  Results  similar  to  these  were 
reported  seme  years  ago  in  References  11  and  12  from  experiments  in  which 
molecular  halogens  were  added  to  active  nitrogen  flows.  The  rate  constants 
for  the  initial  reactions  between  N  atoms  and  the  halogen  molecules  were 
reported  to  be  quite  small  (Ref.  37);  for  example,  the  rate  constant  for 
N  +  Br2  was  found  to  be  3.4  X  10“3^  cn^s-3.  To  observe  the  rates  of  these 
processes  in  the  flow  reactor,  a  series  of  brief  experiments  was  performed 
with  much  higher  flows  of  N  atoms,  such  that  the  steady-state  density  was 
near  that  used  in  the  chemiluminescence  experiments  described  in 
paragraph  2  below.  Admission  of  a  comparable  flow  of  Br2  to  the  stream 
(such  that  the  initial  densities  of  both  N  and  Br2  were  near  1  X  1013cnf3) 
resulted  in  rapid  quenching  of  the  visible  nitrogen  afterglow.  The  half 
time  of  the  decay  of  the  emission  was  near  5  ms,  suggesting  a  second  order 
rate  constant  on  the  order  of  10“^1cra3s“1.  The  emission  from 
electronically  excited  bromine  atoms  exhibited  a  rise  over  the  same  time 
frame,  followed  by  a  slow  decay. 
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Figure  21.  Spectrum  of  vacuum-UV  emission  produced  by  addition 
of  excess  BrN^  to  N  atoms.  The  resonance  lines  of 
atomic  bromine  are  labeled. 
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From  these  observations,  it  seems  that  the  chemistry  in  the  N  +  BrN3 
system  may  well  occur  at  a  much  faster  rate  than  is  implied  by  the  apparent 
loss  of  N  atoms  from  the  system.  It  is  possible  that  the  N  +  BrN3  reaction 
regenerates  the  N  atom  reagent  with  the  coproducts  NBr  and  N2.  Excited 
bromine  atoms  might  then  be  formed  by  a  mechanism  such  as  that  suggested  by 
Phillips, 


N  +  NBr  -*•  n2*  +  Br 

(35) 

N2*  +  Br  -  N2  +  Br* 

(36) 

where  N2*  and  Br*  are  electronically  excited  species. 

2.  Chemiluminescence  from  Active  Nitrogen  +  BrN-j 

Chemiluminescence  from  the  interaction  of  BrN3  with  a  stream  of  active 
nitrogen  was  investigated  with  a  Pyrex  discharge  flow  reactor  similar  to 
that  described  previously  and  shown  in  Figure  3.  Nitrogen  atoms  were 
produced  by  passage  of  n2  heavily  diluted  in  Ar  through  the  discharge.  The 
density  of  N  atoms  produced  in  this  manner  was  determined  by  using  the 
standard  NO  titration  (Ref.  20).  Admission  of  small  flows  of  BrN3  through 
the  sliding  injector  to  large  excess  flows  of  N  atoms  ([N]  >  10-*-3cm~3) 
produced  a  bright  orange  flame  extending  for  several  miliseconds  down  the 
length  of  the  flow  reactor.  Figure  22  shows  a  portion  of  the  spectrum  of 
this  flame  recorded  with  the  0.25  m  monochromator  and  GaAs  PMT.  The 
spectrum  indicates  that  the  emission  corresponds  to  the  N2  first  positive 
(B3ng  -*■  A3£  u+)  system,  with  a  number  of  excited  vibrational  levels  of  the 
N2(B)  state  having  significant  population.  From  spectra  such  as  that  shown 
in  Figure  22  and  published  values  for  the  radiative  lifetimes  (Ref.  21)  of 
the  relevant  vibrational  levels,  the  steady-state  vibrational  distribution 
in  the  N2(B)  state  was  calculated.  The  distribution  heavily  favors  the 
lower  vibrational  levels,  and  is  fit  reasonably  we  1 1  by  an  equi  1  ibr ium 
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thermal  distribution  corresponding  to  Ty^b  -  10,000  K.  This  distribution 
(and,  consequently,  the  visual  appearance  of  the  flame)  is  quite  similar  to 
that  observed  in  previous  experiments  with  the  N  +  N3  chemiluminescent 
reaction. 

The  time  dependence  of  the  N2  first  positive  intensity  was  determined 
by  movement  of  the  BrNj  injector  with  respect  to  the  fixed  position  of  the 
observation  port.  Figure  23  shows  a  typical  time  profile  determined  in 
this  manner.  The  profiles  exhibited  a  rise  over  a  few  milliseconds 
followed  by  a  long  decay,  and  were  fitted  well  by  a  sum  of  rising  and 
falling  exponential  terms  as  follows: 

I(t)  =  Ce~  Adfc  -Ce“  x  rfc  (37) 

where  Ar  and  Ad  represent  the  rise  and  decay  rates,  respectively,  and  C 
is  a  constant.  A  number  of  experiments  were  performed  to  determine  the 
behavior  of  the  N2  (B  -* A)  time  profile  as  the  flow  rates  of  BrN3  and  N 
atoms  were  varied.  For  a  constant  (excess)  flow  of  N  atoms,  it  was  found 
that  the  decay  (  A  3)  was  invariant  with  the  BrN3  flow  rate  but  the  rise 
rate  (a  r)  decreased  slightly  with  increasing  BrN3  flow.  The  time 
integrated  intensity  of  the  flame  (determined  from  the  fit  to  Eq.  37)  was 
found  to  increase  linearily  with  increasing  BrN3  flow.  For  a  constant  BrN3 
flow,  the  values  of  \  and  A^  were  found  to  be  independent  of  the  flow 
rate  of  excess  N  atoms.  The  integrated  intensity  increased  in  a  nearly 
linear  fashion  with  the  N  atom  density,  however,  as  shown  in  Figure  24.  As 
noted,  similar  behavior  was  observed  from  the  N2  first  positive  emission 
produced  by  the  F  +  N  +  HN3  chemiluminescent  systen,  suggesting  competition 
between  the  N  atoms  and  another  (unidentified)  species  for  free  N3 
radicals. 
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The  yield  of  N2  B  -*■  A  photons  produced  by  the  N/BrN^  system  was 
determined  by  calibrating  the  light  collection  efficiency  of  the  detection 
system  with  the  0  +  NO  chemiluminescent  reaction  (Ref.  24).  The  procedure 
used  in  the  calibration  was  identical  to  that  described  previously.  A 
number  of  independent  measurements  of  the  photon  yield  were  made,  resulting 
in  a  value  $  -  30%  with  respect  to  the  limiting  flow  of  BrN^.  As  with  all 
such  measurements,  the  uncertainty  in  this  result  is  a  minimum  of  50 
percent  of  the  stated  yield.  Nonetheless,  the  data  clearly  indicate  that 
the  photon  yield  is,  in  fact,  quite  large  and  is  on  the  order  of  that 
previously  determined  for  the  N  +  N3  reaction  (~20%). 

A  number  of  inferences  concerning  the  origin  of  the  diemi luminescence 
can  be  drawn  from  these  observations.  First,  the  time  profile  of  the  first 
positive  emission.  Figure  23,  precludes  the  possibility  of  the  direct 
reaction  34  being  the  pumping  step.  If  N2<B)  were  produced  directly,  its 
time  dependence  would  exhibit  a  mixing  limited  rise  (corresponding  to  the 
N2  B  +A  emission  rate)  followed  by  a  decay  characteristic  of  the  rate  of 
reaction  34.  A  rise  over  several  miliseconds  was  found,  and  the  decay  was 
invariant  with  the  densities  of  both  N  atoms  and  Br^. 

In  view  of  the  rapid  radiative  decay  of  N2  (B) ,  the  intensity  of  the 
chemi luminescence  should  be  proportional  to  the  rate  of  production  of  this 
excited  species.  From  the  spectrum  of  the  first  positive  emission  (i.e., 
the  vibrational  distribution  in  ^(B))  and  the  photon  yield  relative  to  the 
BrN3  flow  rate,  it  seems  quite  probable  that  the  pumping  reaction  is  the 
N  +  N3  process  described  in  detail  in  Sections  III  and  IV.  Hence, 

Intensity  <*k7(N]  [N3]  (38) 

and  since  k7  and  [N]  are  constant,  the  intensity  will  track  the  time 
dependence  of  the  N3  density.  This  time  dependence  will  be  essentially  the 
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rate  of  formation  of  N3,  since  azide  radicals  are  removed  at  a  constant 
rapid  rate  by  the  large  excess  of  N  atoms  present.  If  the  N3  radicals  are 
produced  by  reaction  of  3rN3  with  some  species  R,  then  the  observed  rise  of 
the  N2  first  positive  emission  must  be  characteristic  of  the  rate  of 
formation  or  decay  of  R.  The  decay  of  the  emission  would  correspond  to  a 
combination  of  the  decay  or  formation  of  R  and  the  loss  of  BrN3  from  the 
system.  Since  the  emission  decays  at  a  rate  on  the  order  of  30  s--1-,  the 
density  of  R  must  be  on  the  order  of  10^-^cm~^  (close  to  the  densities  of 
3rN3  or  Br2)  for  a  rate  constant  on  the  order  of  10”'*-1cm^s-^.  Bromine 
atoms  are  an  obvious  choice  for  the  species  R,  since  BrN3  and  3r2  are 
present  in  comparable  densities  and  the  rate  constant  (Ref.  38)  for 
Br  +  BrN3  is  3.0  X  10~  ernes'"  Just  how  the  bromine  atoms  are  produced  is 
an  intriguing  question.  As  noted,  Reference  37  reports  the  rate  constant 
for  N  +  Br2  to  be  3.4  X  10“15cm3s""1-,  far  too  slow  to  account  for  the 
formation  of  bromine  atoms  in  the  experiments.  Nonetheless,  the 
observation  of  emission  from  excited  bromine  atoms  from  both  N  +  BrN3  and 
N  +  Br2  as  described  is  clear  evidence  of  the  formation  of  these  atoms. 
Further  quenching  of  the  first  positive  emission  by  large  Br2  flows 
suggests  a  rate  constant  near  10“^-^cm^s"^  for  these  processes  in  our 
apparatus.  Rapid  nitrogen  atom-molecular  halogen  reactions  have  also  been 
reported  from  molecular  beam  experiments.  Reference  39  finds  relatively 
large  cross  sections  for  these  processes,  although  the  experiments  were 
performed  at  high  relative  translational  energies.  Another  possibility  is 
that  bromine  atoms  are  produced  by  dissociation  of  BrN3  or  Br2  in 
collisions  with  vibrationa 1 ly  excited  N2  present  in  the  flow. 
Vibrational  ly  excited  N2  is  produced  in  the  microwave  discharge  and  by  N 
atom  recombination  downstream.  As  noted,  this  species  would  have  to  be 
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present  at  a  density  on  the  order  of  10-'-2cm-3  and  dissociate  Br2  or  3rN2 
with  a  rate  constant  near  10”l*cm3s“^  in  order  to  account  for  the 
experimental  observations. 

In  any  case,  the  primary  conclusion  to  be  drawn  from  tnese  data  is 
that  the  efficient  production  of  N2  first  positive  emission  in  the  BrN3+ 
active  nitrogen  system  is  based  on  the  N  +  N3  reaction,  just  as  in  the 
F/N/HN3  system  discussed  previously.  The  N3  radical  appears  to  be  a 
primary  source  of  excited  N2  in  azide  systems,  and  optimizing  these  systems 
for  laser  applications  may  well  center  on  optimizing  the  chemical 
environment  for  production  of  these  radicals. 

3.  N2 (A3  I  u+)  Quenching  by  Molecular  Azides 

Rate-constants  for  quenching  of  N2 (A3  Z  u+)  metastables  by  collisions 
with  various  species  were  determined  by  using  a  discharge-flow  apparatus  in 
which  the  N2  metastables  were  produced  by  energy  transfer  from  Ar(3P0  2) 
metastables,  which  were  generated  by  passage  of  argon  through  a  low-current 
dc  discharge.  The  discharge  zone  was  located  in  a  sidearm  of  the  flow 
reactor,  which  was  a  2.54  cm  id  Pyrex  tube  pumped  by  a  500  SI  m”*  mechanical 
pump.  Relative  densities  of  the  N2  metastables  at  a  fixed  observation  port 
downstream  of  the  discharge  zone  were  determined  by  using  the  NO  tracer 
method.  (Ref.  1)  Small  quantities  of  NO  were  added  to  the  gas  stream  at 
the  position  of  the  observation  port,  such  that  the  intensity  of  the 
resultant  NO  y  band  emission  (produced  by  energy  transfer  from  N2(A)) 
varied  linearly  with  the  N2(A)  density.  The  NO  emission  was  detected  by  a 
solar  blind  photomultiplier  tube  which  viewed  the  emission  through  a 
bandpass  filter  with  transmission  centered  at  240  nm.  Quenching  species 
were  added  to  the  flow  through  a  movable  sliding  injector. 
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The  Reynolds  number  for  conditions  typical  of  our  experiments  was 
approximately  39,  suggesting  that  the  time  required  for  development  of  a 
parabolic  ^(A)  flow  profile  (an  effect  related  to  loss  of  N2  (A)  at  the 
reactor  walls)  (Ref.  40)  was  comparable  to  the  time  regime  over  which  the 
decay  measurements  were  made.  Hence,  multiplication  of  the  measured  rate 
constants  by  a  factor  of  1.6  (as  for  a  fully-developed  parabolic  flow)  was 
inappropriate  in  the  present  case.  Instead,  a  factor  of  1.3  was  used  to 
account  for  the  deviation  from  plug  flow.  Application  of  this  factor  to 
the  intermediate  case  has  been  discussed  in  Reference  41.  The  apparatus 
was  tested  by  measurement  of  rate  constants  for  N^tA)  quenching  by  O2  and 
N2O.  The  values  obtained  (k02  =  2.9  ±  0.7  X  10~l2cm3s“^  and 
kN20  =  7.2  ±1.8  X  10“12an3s_1j  are  in  good  agreement  with  values  previously 
reported  in  (References  1  and  42). 

Gaseous  CIN3  and  HN3  were  produced  and  analyzed  by  using  methods 
described  previously  (Ref.  2).  These  azides  were  admitted  to  the  flow  of 
N2 (A)  metastables  upstream  of  the  observation  port  through  the  sliding 
injector.  The  time  decay  of  the  N2(A)  density  was  measured  by  varying  the 
position  of  the  azide  injector  for  fixed  azide  flow  rates.  The  measured 
decays  were  found  to  be  exponential,  the  rates  varying  linearly  with  the 
azide  flow.  Figures  25  and  26  show  plots  of  the  N2  (A)  decay  rate  versus 
the  densities  of  CIN3  and  HN3,  respectively.  The  slopes  yield  rate 
constants  kClN3  =  6.2  ±0.4  X  10_11cm3s_1  and  kHN3  =  7.3±  2  X  10"11cm3s"1, 
respectively,  where  the  uncertainties  represent  1  o. 

The  similar  magnitudes  of  kClN3  and  kHN3  suggests  that  a  common 
mechanism  is  operative.  For  HN3,  this  mechanism  is  well-known.  The  ^(A) 
excites  HN3  to  a  repulsive  triplet  state  (by  a  spin-allowed  energy  transfer 
process)  which  dissociates  to  excited  NH (A3  II  )  and  ground  state  N2 
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(Ref.  22).  Intense  NH  A-*  n  -*•  X^Z  “  anission  is  observed  as  a  result  of  this 
process.  In  contrast,  a  thorough  spectral  search  of  the  UV-visible  region 
revealed  no  observable  emission  produced  as  a  result  of  the  N2(A)-ClN3 
interaction.  Hence,  it  seems  likely  that  excited  triplet  states  of  MCI 
produced  as  a  result  of  this  interaction  may  well  be  repulsive,  such  that 
the  dissociation  fragments  are  Cl  +  N  +  N2.  This  contention  is  supported  by 
recent  ab  initio  calculations  of  the  potential  energy  curves  of  excited 
electronic  states  of  NCI  (Ref.  43). 

As  with  ClN^  and  HN3,  admission  of  BrN3  to  a  flowing  stream  of 
N2 (A^Z  u+)  metastables,  the  latter  at  a  density  of  the  order  of  10^cm~^, 
produced  no  visible  emission  detectable  by  eye.  The  time  decay  of  the 
N2 (A)  in  the  presence  of  large  excess  flows  of  BrN3  was  measured  by  using 
the  NO  tracer  method  (Ref.  1).  Two  components  were  readily  evident  in  the 
decay  (Fig.  27).  An  initial  rapid  decay  is  followed  by  a  slowly  decaying 
component  of  considerable  intensity.  This  behavior  is  similar  to  that 
observed  for  the  time  decay  of  N2(A)  produced  by  the  photodissociation  of 
CIN3  (Ref.  44).  In  that  case,  the  initial  decay  was  assigned  to  N2(A) 
quenching  by  the  parent  azide  and  the  slow  component  was  thought  to 
correspond  to  regeneration  of  the  excited  N2  by  a  chain  process.  3y 
analogy,  it  is  expected  that  the  initial  decay  evident  in  Figure  27 
corresponds  to  N2(A)  quenching  by  BrN3.  Determination  of  a  rate  constant 
for  this  process  from  the  observed  decay  is  complicated  by  the  presence  of 
a  substantial  Br2  impurity  in  the  BrN3  reagent  stream.  This  impurity 
arises  from  the  finite  efficiency  of  the  BrN3  generator  and  from 
decomposition  of  the  azide  during  transport.  Hence,  a  series  of  separate 
experiments  were  performed  to  measure  the  rate  constant  for  n2(A)  quenching 
by  Br2.  This  cate  constant  was  determined  by  measurement  of  the  decay  of 
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the  initial  N3(A)  density  in  the  presence  of  various  added  flows  of  a 
■  Br2/He  mixture.  In  these  experiments,  the  n3(A)  decay  was  exponential  in 

every  case  (i.e.,  no  long  tail  was  observed  as  in  Fig.  27).  A  plot  of  the 
decay  rate  versus  the  Br2  density  yielded  a  rate  constant 
k  =  1.0  ±0.2  X  10"^0an3s“l,  in  reasonable  agreement  with  a  value  recently 
reported  in  Reference  45,  k  =  1.2  ±  0.2  X  10~10cm3s“1. 

For  experiments  in  which  the  rapid  component  of  the  N2(A)  decay  in  the 
presence  of  BrN3/Br2  was  observed,  the  data  were  correlated  to  a  rate 
expression 

A  =  decay  rate  *  k' [BrN3]  +  k[Br2]  (39) 

where  A  represents  the  rate  of  the  initial  rapid  decay  as  in  Figure  27. 
The  BrN3  density  was  determined  by  on-line  measurement  of  the  UV  and  IR 
absorption  spectra  of  the  generator  effluent.  The  Br2  density  was 
determined  from  the  difference  between  Br2  flow  entering  the  generator  and 
the  BrN3  flow,  if  it  is  assumed  that  quenching  by  the  azide  is  negligible 
(i.e.,  k'  is  small  as  reported  previously  from  BrN3  photolysis 
experiments),  then  Eq.  39  reduces  to  A  =  kfB^J.  A  plot  of  A  versus 
[Br2]  exhibits  a  strong  linear  correlation  (as  expected),  but  its  slope 
yields  a  value  k  =  1.5  X  10_10cm3s”1,  considerably  larger  than  the  value 
determined  from  direct  measurements.  Hence,  a  significant  portion  of  the 
rapid  decay  is  attributable  to  N2(A)  quenching  by  BrN3.  The  apparent  value 
of  k',  the  rate  constant  for  this  process,  was  determined  from  a  plot  of 
(A-k'[Br2])  versus  [BrN3]  as  shown  in  Figure  28.  For  this  treatment,  the 
value  of  k  was  taken  to  be  1.0  X  10_10cm3s_1.  Although  the  data  exhibit 
considerable  scatter  (reflecting  the  deconvolution  procedure),  a  linear 
correlation  is  apparent.  The  slope  of  a  least-squares  line  drawn  through 
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BrN3  DENSITY  dO^m3) 


Figure  28.  A  plot  of  X  -k[Br2]  versus  the  density  of  Brf»L, 
where  A  is  the  measured  N?(A)  decay  rate  and  6 
k  is  the  rate  constant  for^N?(A)  quenching  by 
Br2,  1.0  X  1CT  cms1 . 
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very  similar  to  rate 


the  data  yields  a  value  k'  =  7  i  2  X  la-^-^cm^s-^, 
constants  noted  for  N2(A)  quenching  by  collisions  with  ClNj  and  HN3. 

This  information  has  been  used  to  reinterpret  data  obtained  from  the 
first  experiments  on  the  photodissociation  of  BrN3,  performed  some  years 
ago  (Ref.  3).  In  brief,  photolysis  of  BrN3  at  222  ran  produced  N2  3-  X 
emission  which  decayed  over  about  200  y  s,  indicating  collisional  formation 
of  N2(b).  At  the  time,  it  was  postulated  that  N2(B)  arose  from  an 
upconversion  in  which  N2(A)  collided  with  the  metastable  BrN3,  dissociating 
it  to  N2(B)  +  NBr(X).  From  the  variation  of  the  time  decay  with  the  BrN3 
density,  a  rate  constant  k  =  1.2  X  10“^^cm^s~^  was  assigned  to  this 
process.  The  present  data  show  that  N2(A)  is  quenched  by  BrN3  with  a  rate 
constant  k  =  7  ±2  X  10“^^cm^s“^,  indicating  the  previous  interpretation  of 
the  photolysis  results  to  be  incorrect.  The  previous  experiments  did  show 
the  production  of  N2(A)  as  an  initial  photoproduct.  From  the  present  data, 
this  N2(A)  density  will  be  quenched  by  the  parent  BrN3  (at  a  density  near 
5  X  10-^cm“3)  about  3  ys,  generating  Br  and  N  atoms.  The  Br  atoms  would 
be  removed  by  BrN3  in  about  6  ys,  producing  N3.  Hence,  it  seems  that  the 
long  decay  of  the  n2  B-*-A  emission  in  this  system  must  represent  its  rate 
of  production  by  the  subsequent  N  +  N3  reaction.  From  the  original  data 
for  the  decay  rate  versus  the  BrN3  density,  the  initial  yield  of  N2(A)  can 
be  calculated,  assuming  that  one  N2(a)  metastable  produces  one  N  atom  to 
react  with  whatever  N3  is  present.  This  treatment  indicates  an  N2(A)  yield 
of  21  percent  from  photolysis  of  BrN3  at  222  nm.  This  value  is  in 
excellent  agreement  with  that  reported  in  Reference  46  for  193  nm 
photolysis  of  FN3,  a  species  whose  stability  (heat  of  formation)  is  roughly 
equivalent  to  that  of  BrN3  (Ref.  47). 
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VI.  Chemical  Generation  of  Excited  IF(B3no+) 


In  the  Introduction,  it  was  noted  that  an  acceptable  chemical  scheme 
for  producing  useful  densities  of  N2  (A)  metastables  must  be  sufficiently 
rapid  to  compete  with  energy  loss  from  the  collisional  N2  (ABW)  pool.  A 
correlary  to  this  hypothesis  is  that  the  chemical  pumping  scheme  must  be 
compatible  with  the  desired  energy  transfer  process  between  the  N2(A) 
metastables  and  the  laser  candidate  species  (NO,  IF,  or  other 
inter halogens,  SO,  etc.).  Since  this  process  must  also  compete  with  energy 
loss  from  the  N2(ABW)  pool,  it  is  likely  that  the  laser  candidate  must  be 
present  in  the  reactant  mixture  in  which  N2(A)  is  generated. 

These  data  would  seem  to  indicate  that  the  N(4SU)  +  n3(2  JIg)  reaction 
is  an  acceptable  chemical  source  of  triplet  N2(A)  metastables.  Hence,  a 
number  of  experiments  were  performed  which  addressed  the  coupling  of  this 
scheme  to  actual  laser  candidate  molecules,  in  particular  IF.  This 
molecule  is  a  species  which  has  spectroscopic  characteristics  appropriate 
for  supporting  lasing  in  the  visible,  as  has  been  shown  by  the 
demonstration  of  both  pulsed  and  CW  optically  pumped  lasers  operating  on 
the  B3  IT  Q+  X-*-  £ +  transition  of  this  molecule  (Refs.  48  and  49). 
Reference  50  shows  that  IF  is  efficiently  pumped  to  its  B  state  by 
collisions  with  N2(A). 

IF(XX  £+)  +N2(A3£U+)  -  IF(B3IT+)  +N2(X1£g+)  (40) 

The  rate  constant  of  this  process  is  reported  to  be  2  X  10“10cm3s_1-,  and 
the  yield  of  IF(B)  is  near  50  percent.  In  principle,  reaction  40  can  be 
readily  coupled  to  the  N  +  N3  system  since  both  N3  radicals  and  IF  are 
typically  produced  by  reactions  of  fluorine  atoms.  As  noted,  azide 
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radicals  are  rapidly  produced  by  the  F  +  HN-j  reaction,  and  IF  can  be 
produced,  for  example,  by  F  +  CF3I: 

F  +  CF3I  -*  IF  +  CF3  (41) 

Reaction  41  has  a  rate  constant  (Ref.  51)  k4]_  =  1.6  X  10“-'-0cm^s“^.  Hence, 

excited  IF  should  be  produced  by  mixing  F  atoms,  N  atoms,  HN3,  and  CF3I  in 
a  continuous  flow.  Alternatively,  this  process  might  be  operated  in  a 
pulsed  mode  by  pulsed  production  of  F  atoms  in  a  premixed  stream  of  N 
atoms,  HN3,  and  CF3I.  In  this  section,  experiments  art  described  in  which 
this  chemical  mechanism  was  operated  in  both  continuous  and  pulsed  modes. 
The  results  indicate  the  potential  utility  of  this  system  as  a  chemical 
laser . 

1.  Continuous  Generation  of  Excited  IF. 

The  chemical  system  desired  is  described  by  the  simultaneous 
operation  of  the  following  four  reactions: 


F  +  HN3 

HF  +  N3 

(8) 

N  +  N3 

-*■  N2  (B)  +  n2 

(7) 

n2(b)  - 

N2(A)  +  h  V 

(20) 

N2(A)  + 

IF (X)  -  IF (3)  +  N2(X) 

(40) 

To  generate  this  medium,  HN3  and  CF3I  must  be  admitted  to  a  flow  containing 
both  nitrogen  and  fluorine  atoms.  The  Teflon  discharge- flow  apparatus 
described  previously  and  shown  in  Figure  4  was  used  for  this  purpose.  The 
F  atoms  were  produced  by  passage  of  either  CF4/Ar  or  F2/Ar  mixtures  through 
a  microwave  discharge.  Nitrogen  atoms  were  generated  by  a  microwave 
discharge  through  N2.  The  N2  discharge  was  on  the  upstream  end  of  one  of 
the  movable  inlets,  such  that  N  atoms  entered  the  flow  well  downstream  of 
the  F  atoms.  Tne  F  and  N  atom  densities  were  determined  by  standard 
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chemiluminescent  titrations  (Refs.  19  and  20)  and  were  both  typically  on 
the  order  of  10^^an"^.  Under  these  conditions,  the  familiar  yellow-orange 
N2  afterglow  was  readily  visible  downstream  of  the  N  atom  orifice. 
Admission  of  HN3  to  this  flow  (at  an  initial  density  on  the  order  of 
10-^cm~^),  about  2  cm  downstream  of  the  N  atom  orifice,  produced  a  bright 
orange  N2  first  positive  (B3  ng  -*•  A3  £  u+)  flame  about  two  orders  of 
magnitude  more  intense  than  the  nitrogen  afterglow.  This  result  has  been 
observed  in  previous  experiments  and  is  indicative  of  the  operation  of 
reactions  8,  7,  and  20.  To  generate  excited  IF,  a  metered  flow  of  CF3I  was 
premixed  with  the  HN3  flow  such  that  both  species  entered  the  F/N/Ar  stream 
through  the  same  inlet.  The  initial  density  of  CF3I  was  on  the  order  of 
10^cnr\  The  addition  of  CF3I  dramatically  changed  the  visual  appearance 
of  the  flame,  from  bright  orange  to  a  more  diffuse  yellow-green.  The 
spectrum  of  the  yellow-green  flame  is  shown  in  Figure  29,  and  is  readily 
identified  as  bands  of  the  IF  B  +  X  transition.  Although  some  N2  first 
positive  emission  (particularly  the  av  =  2  sequence)  was  still  evident  at 
longer  wavelengths,  the  intensity  of  individual  IF  bands  was  much  greater 
than  that  of  the  N2  features.  3y  comparison  of  the  total  intensity  of  the 
IF  emission  (integrated  from  the  recorded  spectrum)  to  the  total  intensity 
of  the  nitrogen  first  positive  emission  produced  with  no  CF3I  flow,  it  was 
determined  that  the  total  IF  B-»-X  intensity  was  =25%  of  the  original  N2 
intensity.  The  N2  intensity  was  corrected  for  the  portion  emitted  in  the 
IR  beyond  the  cut-off  of  the  detection  system  (~50%  of  the  total).  In 
view  of  the  possibility  of  efficient  loss  of  ^(A)  by  collisions  with  other 
species  and  the  reactor  walls,  this  substantial  fraction  testifies  to  the 
efficiency  of  the  N2(A)-!F  energy  transfer  process  in  this  system. 


rigure  29.  A  portion  of  the  spectrum  of  visible  emission  produced  when 
CF  3  I  is  added  to  the  F/N/HN  ^  reaction  medium.  IF  B-->X 
bands  are  labeled. 
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Sane  IF  emission  was  observed  with  no  flow  of  HN3,  i.e.,  when  CF3I  was 
added  to  a  stream  of  F  and  N  atans  such  that  only  reaction  41  might  occur. 
In  this  case,  the  N2  metastables  which  pump  the  IF  are  produced  by  N  atom 
recombination.  The  overall  intensity  of  this  emission  was  more  than  an 
order  of  magnitude  smaller  than  that  produced  with  a  flow  of  HN3,  in 
agreement  with  previous  estimates  of  the  relative  density  of  ^(A)  produced 
by  a  discharge  versus  that  produced  by  reactions  7  and  20  under  conditions 
similar  to  those  of  the  present  experiments. 

2.  Pulsed  Generation  of  Excited  IF 

The  azide-IF  reaction  mechanism  can  be  initiated  by  the  introduction 
of  fluorine  atans  into  a  system  containing  HN3,  CF3I,  and  N  atoms.  Since 
the  latter  three  species  can  be  premixed  without  appreciable  reaction,  the 
mechanism  can  be  operated  in  a  pulse  by  inclusion  of  an  inert  species  from 
which  F  atoms  can  be  generated  by  some  pulsed  means  such  as  photolysis. 
Both  CF3I  and  HN3  are  strong  absorbers  in  the  UV  such  that  CJV  photolysis 
of  a  fluorinated  species  would  likely  lead  to  canplex  chemistry.  To  avoid 
such  complexity,  IR  multiphoton  dissociation  of  SFg  was  used  to  produce 
fluorine  atoms  in  the  present  experiments.  The  SFg  is  an  effectively  inert 
species  which  does  not  react  with  CF3I,  HN3,  or  N  atoms,  and  further,  it  is 
an  inefficient  quencher  of  IF(B)  (Ref.  50).  Neither  HN3  nor  CF3I  have 
appreciable  absorptions  at  10.6  umr  the  frequency  used  to  dissociate  SFg 
(Refs.  52  and  53). 

The  reactor  used  for  pulsed  experiments  was  made  from  2.54  cm  id  Pyrex 
tubing  and  was  50  cm  in  length.  It  has  one  sidearm  which  was  equipped  with 
both  a  microwave  discharge  and  a  movable  reagent  inlet.  The  ends  of  this 
reactor  were  sealed  with  KC1  windows  to  permit  photolysis  of  the  flowing 
gas  stream.  The  linear  velocity  in  this  system  was  -2000  cm  s"1  for 
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pressures  near  2.0  Torr.  The  pressures  in  both  reactors  were  measured  with 
capacitance  manometers.  As  in  continuous  discharge-flow  experiments, 
emissions  from  flames  produced  in  the  pulsed  experiments  were  dispersed 
with  a  0.25  m  monochromator  and  detected  by  a  cooled  GaAs  photomultiplier 
tube.  Spectra  of  pulsed  emissions  were  recorded  with  a  gated  integration 
system  which  has  been  described  in  Reference  54.  Time  profiles  of  the 
emissions  were  digitized  and  averaged  by  using  a  Nicclet  1270  data 
acquisition  system.  Both  the  Nicolet  1270  and  the  gated  integrator  (an  SRS 
235  system)  were  interfaced  to  an  IBM  PC  microcomputer,  which  was  used  for 
data  storage  and  handling. 

The  C02  laser  used  to  produce  the  10.6  um  pulse  in  the  present 
experiments  was  a  Lumonics  103  which  routinely  delivered  -8  J  in  an  area  of 
-10  cm2.  The  laser  beam  was  focused  into  the  center  of  the  flow  reactor 
with  a  BaF2  lens  which  had  a  nominal  focal  length  of  30  an.  Photolysis  of 
a  flowing  mixture  including  SFg,  HN3,  and  N  atoms  at  densities  5  X  1014,  1 
X  10-*-4,  and  7  X  10^  cm“^,  respectively,  at  a  total  pressure  of  1.8  Torr 
produced  a  bright  orange  flame  readily  visible  to  the  eye.  The  flame  was 
produced  along  the  entire  pathlength  of  the  laser  beam  in  the  reactor, 
although  the  fluence  was  <  3  J  an-2  over  must  of  the  path.  The  spectrum  of 
this  pulsed  emission  is  shown  in  Figure  30,  and  is  readily  identified  as 
bands  of  the  N2  first  positive  transition.  The  intensity  distribution 
among  the  bands  is  quite  similar  to  that  observed  from  the  continuous  N  + 
N3  flame,  as  expected.  A  much  less  intense  pulse  of  N2  first  positive 
emission  was  produced  by  pulsed  photolysis  of  mixtures  including  SFg  and  N 
atoms  only,  i.e.,  when  no  HN3  was  present.  This  phenomenon  appears  to  be 
similar  to  that  observed  in  discharge-flow  experiments,  where  addition  of  F 
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atoms  to  a  stream  of  active  nitrogen  was  found  to  substantially  enhance  the 
visible  emission  from  the  nitrogen  afterglow. 

The  time  profile  of  the  pulsed  N2  emission  exhibited  a  rise  to  a  peak 
over  a  fraction  of  a  ms  followed  by  a  slower  decay  over  several 
milliseconds.  A  typical  time  profile  is  shown  in  Figure  31a.  In 
principle,  the  rise  and  decay  of  the  emission  should  reflect  the  rates  of 
the  N  +  and  F  +  HN-j  reactions,  or  vice  versa.  In  practice,  physical 
processes  such  as  longitudinal  flow  of  the  gas  stream  and  radial  diffusion 
of  the  emitting  species  can  significantly  contribute  to  the  observed  time 
profile  under  the  conditions  of  our  experiments.  For  example.  Figure  31b 
shows  an  N2  B-*  A  time  profile  from  an  experiment  where  a  much  greater  flow 
of  SFg  was  used,  resulting  in  a  substantial  increase  in  the  total  pressure. 
It  was  clear  from  such  data  that  both  the  rise  and  decay  times  of  the 
emission  were  proportionately  shortened,  suggesting  that  radial  diffusion 
was  slowed  at  the  higher  pressures.  In  this  case,  faster  rates  result  from 
greater  local  densities  of  reagents.  The  rise  and  decay  times  in  Figure  31 
indicate  that  the  densities  of  reagents  (N  and  F  atoms)  in  the  reaction 
zone  are  >  1013cnf3,  as  expected  from  the  flows  of  parent  gases. 

Addition  of  CF^I  to  the  SFg/N/HN^  stream  produced  a  marked  change  in 
the  pulsed  emission.  The  orange  N2  flame  was  replaced  by  a  yellow-green 
emission,  which  extended  for  10  to  15  an  on  either  side  of  the  focus  of  the 
laser  beam.  The  spectrum  of  this  emission  is  shown  in  Figure  32.  The 
major  features  are  readily  identified  as  IF  B  -*X  bands,  as  indicated  in  the 
figure.  Some  n2  first  positive  emission  was  apparent  at  longer  wave¬ 
lengths.  When  compared  to  the  spectrum  of  continuous  emission  shown  in 
Figure  29,  it  would  appear  that  the  pulsed  IF  emission  is  vibrational ly 
colder,  with  most  of  the  intensity  in  bands  from  v'  =  0  or  v'  =  1.  This 
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Figure  31.  a.  Time  profile  of  pulsed  N2  B-->A  emission  from 
N/H^/SFg/Ar  =  1/1.4/7.1/829  at  1.8  Torr.  b.  Time  profile 
of  pulsed  N2  B— >A  emission  from  N/HN^/SFg/Ar  =  1/1.4/300/800 
at  2.5  Torr.  c.  Time  profile  of  pulsed  IF  B-->X  emission 
from  N/CF 3  I/HN  3 /SFg  /Ar  =  1/1.4/1.4/7.1/830  at  1.8  Torr. 
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result  suggests  the  influence  of  collisional  relaxation  in  the  pulsed 
system,  which  was  operated  at  a  higher  pressure  (a  considerable  fraction  of 
which  was  3Fg).  The  time  profile  of  the  IF  emission  is  shown  in 
Figure  31c.  As  expected,  it  follows  the  general  pattern  of  the  emission 
(Fig.  31a)  but  has  a  somewhat  slower  rise,  since  the  production  of  IF  is 
limited  not  by  the  N  +  N3  rate,  but  by  the  rate  of  N2(A)-IF  energy 
transfer . 

3.  Attempted  N2(A)~IF  Gain  Measurement 

These  results  serve  to  demonstrate  the  ready  coupling  of  the  azide 
mechanism  for  production  of  N2  metastables  to  the  IF  B  X  system. 
Observations  of  the  optically  pumped  IF  laser  have  estimated  that  a 
chemically  pumped  laser  could  be  demonstrated  if  the  pumping  reaction  could 
produce  a  density  of  IF(B)  (in  all  vibrational  levels)  on  the  order  of 
1013cnr3  (Ref.  49).  The  present  data  suggest  that  these  levels  might  well 
be  achieved  by  either  CW  or  pulsed  operation  of  the  azide-IF  mechanism. 
Figure  33  shows  a  calculation  of  the  time  evolution  of  IF(B)  produced  by 
reactions  8,  7,  40,  and  41,  including  radiative  decay  of  the  excited  IF  at 
a  rate  1.6  X  103s'"^.  The  initial  densities  used  in  the  calculation  were  F 
atoms  (3  X  1015cm~3) ,  N  atoms  (1  X  10i5cm-3,  CF3I  (2  X  1015cnf3)  and 
HN3  (2  X  1014cm-3).  The  intrinsic  yield  of  excited  N2  (N2  (A)  and  N2(B) 
were  not  distinguished)  was  taken  to  be  33  percent  relative  to  HN3.  As 
shown  in  the  figure,  these  conditions  result  in  a  maximum  IF(B)  density  of 
1.5  X  10^3cm~3.  In  principle,  larger  IF(B)  densities  would  result  from 
larger  initial  HN3  densities.  Hence,  it  would  seem  that  appropriate 
densities  of  excited  IF  might  be  produced  from  rather  modest  reagent  flows. 
This  result  stens  largely  from  the  great  speed  of  reactions  1  to  4,  and  the 


high  efficiency  of  reactions  3  and  4.  For  these  same  reasons,  it  is 
expected  that  second  order  processes  such  as  quenching  by  reaction 
products  or  loss  of  N2  metastables  by  energy  pooling  will  have  a  minimal 
effect. 

The  gain  experiment  designed  was  one  in  which  the  pulsed  IRMPD  method 
for  F  atom  production  was  used  to  produce  N2  metastables  inside  the  cavity 
of  an  optically  pumped  IF  laser.  The  IF  laser  was  envisioned  to  be  much 
like  the  pulsed  device  demonstrated  previously  (Ref. 48).  It  was  to  be 
pumped  by  a  Phase-R  f lashlamp-pumped  dye  laser  and  operated  on 
col lisionally  populated  lower  v*  levels  of  the  B3 n  0+  state.  Stimulated 
emission  from  these  levels  should  occur  after  a  delay  of  some  microseconds 
from  the  dye  laser  pulse,  the  threshold  time  can  be  used  as  a  sensitive 
measure  of  gain  in  the  system. 

The  apparatus  assembled  for  the  gain  experiment  is  shown  in  Figure  34. 
Our  intention  was  to  operate  the  IF  laser  in  the  same  flow  reactor  used  to 
generate  the  chemically  pumped  N2(A)-IF  system.  This  method  has  the 
advantage  of  lending  insight  as  to  how  the  individual  elements  of  the 
chemical  system  (e.g.,  discharged  n2)  may  affect  the  IF  population 
inversion.  The  IF  was  produced  by  reaction  of  CF3I  with  fluorine  atoms 
generated  in  a  microwave  discharge.  Nitrogen  atoms  were  produced  in  a 
second  discharge  through  ^/Ar  as  shown.  The  SFg  and  HN3  entered  the  system 
through  an  injector  positioned  between  the  effluents  of  the  two  discharge 
sections,  or,  alternatively,  through  a  rake  injector  which  extended  over 
the  full  length  of  the  reactor.  The  chemical  pulse  of  IF(B)  was  produced 
by  off-axis  punping  of  the  medium  with  10.6  um  radiation  from  the  Lumonics 
103  pulsed  C02  laser.  A  combination  of  reflective  optics  (gold  coated)  was 
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used  to  condition  tne  IR  beam  to  produce  a  fluence  in  excess  of  5  J/cm^ 
over  its  pathlength  in  the  reactor. 

Although  conceptually  possible,  actual  gain  experiments  were  never 
performed  because  of  the  failure  to  produce  optically  pumped  IF  B-X  lasing 
under  conditions  appropriate  for  the  chemical  production  of  ^  (A) .  The 
initial  attempts  at  operating  the  optically  pumped  laser  made  use  of  the 
Phase-R  1200V  dye  laser.  The  laser  was  operated  on  Coumarin  504  dye  and 
was  tuned  to  the  3,0  band  of  the  IF  B-»X  transition  near  496  nm  with  a 
grazing  incidence  grating.  In  later  experiments,  this  laser  was  replaced 
by  a  Phase-R  DL  1400  system  which  delivered  considerably  more  output  energy 
(up  to  -75  mj/pulse)  and  was  tuned  with  a  double  prism  assembly  to  give  a 
broader-band  output.  In  either  case,  bright  IF  B  +  X  laser-induced 
fluorescence  was  readily  obtained,  but  threshold  operation  of  the  system 
(with  optics  for  the  collisionally-pumped  transitions)  was  not  obtained 
for  flow  rates  of  F  and  CF^I  useful  in  the  proposed  gain  experiment.  To 
test  the  operation  of  the  system  and  our  technique,  the  system  was  easily 
lased  on  the  B  +X  transition  in  I2  vapor,  with  the  dye  laser  tuned  to  I2 
transitions  near  518  nm.  The  1 2  lasing  was  used  to  optimize  alignment  of 
the  cavity  mirrors.  The  IF  lasing  was  still  not  observed  from  the  F+CF^l 
system,  however.  Observation  of  the  laser-induced  fluorescence  showed  that 
its  intensity  continuously  increased  with  the  reagent  flow  rates.  Indeed, 
it  does  seem  likely  that  the  flow  rates  (and  hence  IF  density)  were  much 
smaller  than  those  used  in  the  lasers  operated  at  AFWL,  which  used  the 
F2+I2  reaction  to  produce  IF.  Hence,  it  was  concluded  that  the  conditions 
appropriate  for  operation  of  the  chemically  pumped  IF  system  were  not 
appropriate  for  optically  pumped  IF  lasing,  as  the  optically  pumped  system 
requires  a  large  density  of  ground  state  IF.  A  dual  reactor  experiment 
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may,  in  fact,  be  more  reasonable.  In  this  case,  the  chemically  pumped 
system  would  be  operated  in  a  separate  reactor  inside  the  cavity  of  the 
optically  pumped  IF  laser,  which  would  be  based  on  F2  +  I2  generation  of 
IF. 
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VII.  Interaction  of  Trifluorohalanethanes 
With  Active  Nitrogen 

As  part  of  the  effort  to  couple  the  chemical  generation  of  N2(A)  by 
N+N3  to  collisional  pumping  of  the  IF  molecule,  a  number  of  observations  of 
the  interaction  of  CF3I  (used  to  produce  IF  by  reaction  with  fluorine 
atoms)  with  active  nitrogen  (used  as  a  source  of  N  atoms)  were  made.  The 
rather  unexpected  results  obtained  led  us  to  observe  interactions  between 
active  nitrogen  and  the  analogous  species  CF^Br  and  CF3CI.  Further, 
measurements  of  rate  constants  for  the  quenching  of  N2(A3Z  u+)  by 
collisions  with  CF3I,  CF3Br,  and  CF3CI  were  made. 

1.  Chaniluninescence  from  CF3X+  Active  Nitrogen 

Experiments  in  which  CF3X  compounds  were  added  to  active  nitrogen  were 
performed  with  the  Pyrex  discharge  flow  apparatus.  Active  nitrogen 
was  produced  by  N2  diluted  in  argon  through  a  microwave 
discharge  located  on  one  sidearm  of  the  reactor.  The  CF3X  species  were 
admitted  to  the  flow  via  the  movable  injector. 

Admission  of  a  small  flow  of  CF3I  to  a  flow  of  active  nitrogen 
produced  a  bright  yellow-green  flame  which  extended  down  the  full  length  of 
the  flow  reactor  and  into  the  pumping  system.  The  spectrum  of  this  flame 
is  shown  in  Figure  35.  All  of  the  banded  features  shown  in  the  spectrum 
are  attributable  to  the  B3  n  Q+  -  X1!  +  transition  in  IF.  Emissions  from 
vibrational  levels  as  high  as  v'  =  4  of  the  IF(B)  state  are  evident.  In 
view  of  the  efficiency  with  which  IF  is  pumped  to  its  B3  H0+  state  by 
collisions  with  N2(A)  metastables  (Ref.  50),  it  is  expected  that  this  is 
the  primary  excitation  mechanism  operative  in  the  system.  Indeed,  the  slow 
production  of  N2(A)  by  N  atom  recombination  in  the  active  nitrogen  flow 
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Figure  35.  A  portion  of  the  spectrum  of  visible  emission  produced  when 
CF^ I  is  added  to  active  nitrogen.  IF  B-->X  bands  are  labeled 
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would  account  in  part  Cor  the  long  duration  of  the  IF  flame.  Since  IF 
disproportionates  rapidly  (Ref.  55)  on  the  Pyrex  walls  of  the  flow  reactor, 
however,  it  seems  likely  that  it  must  be  continually  produced  during  the 
time  period  of  the  flame.  The  primary  issue  is  the  mechanism  by  which  IF 
is  originally  formed  in  the  flow;  presumably  this  mechanism  involves 
interaction  of  CF3I  with  excited  species  present  in  the  active  nitrogen. 
At  least  two  collisional  dissociation  mechanisms  are  energetically 
feasible: 


A. 

N2*  +  *■  N2(X)  +  ^2  *  1  +  F 

(42) 

F  +  CF3I  -+  CF3  +  IF 

(41) 

IF  +  N2*(A)  -  IF* (B)  +  N2(X) 

(40) 

8. 

N2*  +  CF3I  N2(X)  +  CF2  +  IF (X) 

(43) 

IF  (X)  +  N2*(A)  -*  IF*  (B)  +  N2(X) 

(40) 

where  N2*  represents  a  metastable  excited  species.  The  rate  constants  for 
reactions  41  and  40  are  1.6  X  10“^®  and  1.0  X  10"^cm3S”^,  respectively 
(Refs.  51  and  50).  Mechanism  B,  in  which  IF  is  produced  by  collisional 
dissociation  of  CF3I,  was  eliminated  by  an  experiment  in  which  H2  was  added 
to  the  flow  to  scavenge  fluorine  atoms.  Admission  of  a  flow  of  H2 
corresponding  to  a  density  of  5  X  1013cm_3  effectively  titrated  the  IF 
flame,  suggesting  that  this  density  of  fluorine  atoms  is  eventually 
produced  by  the  dissociation  of  CF3I  (at  an  initial  density  of 
2.5  X  1014cnT3)  via  mechanism  A.  Hence,  it  would  appear  that  the 
dissociation  to  fluorine  atoms  (reaction  42)  is  a  reasonably  efficient 
process. 

The  choice  of  >.’2  netas tables  (produced  by  N  atom  recombination)  as  the 
energy  carrier  responsible  for  the  dissociation  of  CF3I  is  based  largely  on 
the  long  duration  of  the  flame,  which  argues  against  the  action  of  excited 
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species  created  in  the  microwave  discharge  ( e.g .,  N(2d)  atoms).  This  point 
was  specifically  tested  by  an  experiment  in  which  a  glass  wool  plug  was 
insetted  in  the  flow  reactor  downstream  of  the  discharge  zone,  but  upstream 
of  the  CF3I  injector.  The  plug,  which  should  effectively  remove  N(2D)  from 
the  flow,  had  no  observable  effect  on  the  production  of  the  IF  flame  when 
CF3I  was  adnitted  to  the  system. 

It  is  well  known  that  photolysis  of  CF3I  in  the  continium  near  260  nm 
produces  CF3  radicals  and  excited  I(52P]y2)  sterns  (Ref.56).  It  is  also 
known,  however,  that  CF3I  photolysis  in  the  region  between  160  and  180  rm 
where  the  molecule  has  diffuse  banded  absorptions  produces  fluorine  a  tans 
(Ref. 57).  Hence,  the  present  data  suggest  that  reaction  42  may  result  from 
excitation  of  CF3I  to  these  same  predissociated  states  (C  and  D)  by 
collisions  with  N2*  metastables.  From  the  energies  of  these  states  (164 
kcal  mole”1  for  C  and  179  kcal  mole"1  for  5),  they  cannot  be  accessed 
directly  by  collisions  with  vibrational  ly  cold  N2(A3EU+)  metastables. 
Hence,  the  energy  carrier  must  be  another  metastable  state  produced  by  N 
atom  recombination.  Since  CF3I  was  present  in  the  flow  at  densities  on  the 
order  of  1014cm"3,  and  the  dissociation  was  reasonably  efficient,  we  infer 
that  the  lifetime  of  the  metastable  energy  carrier  must  be  at  least  100 
us.  A  number  of  excited  states  of  N2  satisfy  both  of  these  energy  and 
lifetime  criteria. 

The  admission  of  a  flow  of  CF3Br  to  a  stream  of  active  nitrogen 
produced  a  markedly  different  result.  A  bright  red  flante  was  generated  in 
the  mixing  zone,  extending  for  -5  ms  downstream.  Figure  36  shows  a 

I  +•  1  . 

spectrum  of  this  emission,  which  is  readily  identified  as  NBr  b^r  -*■  XJ  1 
transitions.  Downstream  of  the  red  emission,  a  dull  yellow  flame  was 
found,  extending  down  the  length  of  the  reactor.  The  spectrum  of  this 
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Figure  36.  Spectrum  of  visible  emission  produced  by  admission  of 
CF^  Br  to  active  nitrogen.  NBr  b-->X  sequences  are 
labeled. 
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emission  exhibited  a  tegular  secies  of  bands,  identified  as  the 


A2  II  ■*  X2  I  +  transition  in  CN. 

These  results  for  CF-jBr  suggest  a  mechanism  quite  different  from  that 
postulated  for  the  CF3I  case.  In  view  of  the  short  duration  of  the 
NBr  b->-X  emission  downstream  of  the  discharge,  an  experiment  with  a  glass 
wool  plug  (analogous  to  that  previously  described)  was  performed  to 
ascertain  the  role  of  short-lived  discharge  products.  With  the  plug  in 
place,  the  NBr  emission  was  completely  quenched.  This  behavior  suggests 
the  following  reaction  as  the  source  of  excited  NBr: 

N(2D)  +  CF3Br  -  NBr  (b1  Z  +)  +  CF3  (43) 

This  reaction  is  feasible  both  energetically  and  from  the  point  of  view  of 
angular  momentum  correlations,  as  NBr(b^  I+)  correlates  adiabatically  to 
N(2D)  +  Br(2P)  (Ref. 58).  The  absence  of  NI  b-*X  emission  when  CF3I  was 
added  to  active  nitrogen,  along  with  the  observation  that  the  glass  wool 
plug  had  no  effect,  argues  that  a  reaction  analogous  to  Eq.  43  is  not 
important  in  that  system.  The  CN  emission  has  been  observed  from  the 
addition  of  several  different  kinds  of  halomethanes  to  active  nitrogen 
(Refs.  59  and  60).  The  mechanism  in  such  cases  is  thought  to  involve 
initial  formation  of  CN  by  reaction  of  N(2D)  atoms  with  halomethyl  or 
halomethylene  radicals,  followed  by  excitation  to  the  A2  II  state  by 
collisions  with  Nj  metastables. 

Admission  of  a  flow  of  CF3C1  to  active  nitrogen  produced  no  new 
emission,  nor  did  it  perceptibly  diminish  the  visible  emission  from  the  N2 
afterglow. 
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N2 (A^  Eu+)  Quenching  by  CF3X 

Rate  constants  for  quenching  of  N2(A)  by  CF3l,  CF3Br ,  and  CF3CI  were 
measured  with  the  apparatus  and  method  described  in  Section  V.  In  brief, 
N2(A)  metastabies  were  produced  by  energy  transfer  from  Ar(^P0  2) 
metastables  generated  in  a  low  current  dc  discharge,  and  were  detected 
downstream  by  admission  of  NO  to  the  flow.  The  CF3X  species  (either  pure 
or  premixed  with  Ar)  were  added  via  a  movable  injector.  The  N2(A)  decay 
was  determined  by  measurement  of  the  NO  y  band  intensity  versus  the 
position  of  the  CF3X  injector,  for  various  CF3X  flow  rates.  For  the 
conditions  of  these  experiments,  the  Reynolds  number  of  the  flowing  gases 
was  near  47,  indicating  that  the  time  required  for  development  of  a 
parabolic  N2(A)  density  profile  was  much  smaller  than  the  time  frame  of  the 
measured  decays.  Hence,  rate  constants  determined  from  these  data  were 
multiplied  by  a  factor  of  1.6  to  account  for  the  deviation  from  plug  flow 
(Ref.  40.). 

Argon  (99.995%),  CF3i  (99.8%),  CF3Br  (99.7%),  and  CF3CI  (99.7%)  were 
obtained  from  commercial  sources  and  were  used  without  further 
purification. 

For  CF3I  and  CF3Br,  the  decay  of  the  N2(A)  density  was  measured  as  a 
function  of  time  for  a  number  of  different  pseudo-first  order  densities  of 
these  quenchers.  Rate  constants  were  determined  from  the  slopes  of  plots 
of  decay  rate  versus  density.  Quenching  by  CF3Cl  was  found  to  be  so  slow 
as  to  preclude  measurements  of  actual  time  decays,  so  the  quenching  rate 
constant  was  determined  by  using  the  fixed  point  method  wherein  the 
decline  in  the  N2(A)  density  was  measured  for  a  single  time  interval  At, 
for  large  flows  of  added  CF3CI.  Table  I  shows  the  measured  quenching 
rates,  along  with  the  literature  values  (Ref.  50)  for  quenching  by  CF4  and 


CF-jI.  CF3CI  likely  behaves  much  like  CF4;  i.e.,  it  acts  only  as  a 
vibrational  quencher  of  N2(A,  v).  The  rate  constants  for  quenching  by  CF3I 
and  CF3Br  are  orders  of  magnitude  greater  than  those  for  quenching  by  CF3CI 
and  CF4,  indicating  the  accessibility  of  new  channels  for  the  energy 
transfer  process.  These  channels  are  not  likely  to  be  those  which  produce 
fluorine  atoms,  but  rather  may  be  those  which  lead  to  dissociation  to 
iodine  or  bromine  atoms,  respectively.  No  emission  from  IF,  NBr,  or  CN  was 
detected  in  the  quenching  experiments.  The  rate  constants  for  n2(A) 
quenching  by  CH3X  species  (X  *  halogen)  have  been  measured  (Ref.l).  These 
values  are  approximately  four  times  greater  than  those  from  the  present 
work  shown  in  Table  I.  The  relative  values  of  rate  constants  within  the 
two  series  CH3X  and  CF3X  are  quite  similar,  however,  suggesting  analogous 
mechanisms. 


Table  I.  N2(a3  £u+)  Quenching  by  Tr i f  1  uor oha  1  ome thanes 


Quencher 

Rate  Constant  (cm^s~^) 

Reference 

CF3I 

1.2  ±  0.2  X  10-10 

2.0  X  10“L0 

This  work 
(50) 

CF3Br 

5.0  t  0.8  X  10“L1 

This  work 

CF3CI 

5  X  10”14 

This  work 

cf4 

3  X  19-13 

(50) 

The  present  data  have  shown  that  CF3I,  (I^Br,  and  CF3CI  each  interact 
with  active  nitrogen  in  different  ways.  The  production  of  fluorine  atoms 
and  excited  IF  in  the  CF3I  case  may  have  relevance  for  the  development  of 
chemically  pumped  lasers  operating  on  the  n2(A)-IF  energy  transfer 
mechanism.  The  CF3I  may  be  a  special  case  in  which  the  states  responsible 
for  dissociation  to  F  atoms  lie  at  energies  accessible  to  energy  transfer 
from  metastable  excited  states  of  n2  produced  by  atom  recombination.  These 
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states  lie  at  considerably  higher  energies  for  CF^Br  and  CF3CI,  such  that 
other  mechanisms  (e.g.,  reaction  with  N(^0)  atoms  as  in  Eq.  43)  become 
dominant. 
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VIII.  Conclusions 


It  has  been  suggested  that  the  criteria  for  assessment  of  chemical 
sources  of  N2(a^Zu+)  metastables  for  use  in  potential  laser  systems 
included  (a)  a  rate  competitive  with  energy  loss  from  the  N2(A,B,W)  energy 
pool,  and  (b)  compatibility  of  the  chemical  system  with  known  laser 
candidates.  From  the  data  presented,  it  is  clear  that  the  N(^S)  +  NF(a-*-A  ) 
reaction  does  not  meet  the  first  of  these  criteria.  Ifie  slow  rate  of  this 
reaction  likely  results  from  the  fact  that  the  angular  momentum  constraints 
are  strong,  driving  the  reaction  through  a  channel  that  requires  nearly  all 
of  the  energy  released  to  be  concentrated  in  electronic  excitation  of  the 
product  N2. 

On  the  other  hand,  the  N(^S)  +  Hg)  reaction  appears  to  be  a  good 
chemical  source  of  n2  metastables,  from  the  point  of  view  of  both  criteria. 
The  reaction  is  controlled  by  both  spin  and  orbital  angular  momentum 
correlations,  and  consequently  produces  excited  N2(B,W)  in  high  yield.  The 
rate  constant,  1.4  X  10-^®c3n^s~^,  is  such  that  the  reaction  competes  well 
with  both  energy  loss  from  the  N2(A,B,W)  pool  and  N2(A)  quenching  in 
collisions  with  N  atoms.  Further,  N  +  N3  appears  to  be  quite  compatible 
with  known  laser  candidates  such  as  NO,  IF,  and  CN,  as  was  demonstrated  by 
both  cw  and  pulsed  pumping  of  IF(B)  by  N2(A)  metastables  generated  from 
N  +  N-j.  This  compatibility  is  based  largely  on  the  facile  generation  of  N3 
radicals  by  the  F  +  HN3  reaction,  a  process  which  has  a  near  gas  kinetic 
rate  constant.  The  fluorine  atoms  used  in  this  step  can  also  be  used  for 
the  generation  of  the  laser  candidate  molecule,  as  was  demonstrated  in  the 
IF  experiments. 
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In  summary,  this  program  has  succeeded  in  identifying  and 
characterizing  a  chemical  source  of  excited  M2  matastables  useful  for 
potential  laser  systems.  The  key  issues  to  he  addressed  at  present  are 
related  to  scaling.  These  issues  include  the  rates  of  deleterious  second 
order  processes  which  may  ranove  and  identification  of  an  appropriate 
source  of  N  atoms.  Controlled  dissociation  of  N3  to  N  atoms  may  be  the 
most  straightforward  approach  to  the  latter  problem. 
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